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Abstract

Lamins are major structural proteins of the nuclear envelope. Three lamin subtypes, A ⁄C, B1 and B2, predominate in mammalian
somatic cells. While the expression levels of lamins in several tissues are known to change during cell differentiation, lamin
expression is poorly understood in the nervous system. To investigate the expression of lamins during neuronal differentiation in the
mammalian adult brain, we performed immunohistochemical studies on lamins A ⁄C, B1 and B2 in two neurogenic regions of rat
brain: the subgranular zone of the dentate gyrus and the subventricular zone of the lateral ventricle. In particular, three types of cells
were analysed using confocal microscopy: GFAP-positive cells as primary progenitor (stem) cells, PSA-NCAM-positive cells as
subsequent neuronal progenitor cells, and NeuN-positive mature neurons. GFAP-positive cells possesed lamin A ⁄C (++), B1 (++)
and B2 (++), PSA-NCAM-positive cells possessed lamin A ⁄C (–), B1 (+++) and B2 (+), and mature neurons possessed lamin A ⁄C
(++), B1 (+) and B2 (+++), in both neurogenic regions. These observations showed that the compositions of expressing lamin
subtypes are distinct in particular differentiation stages during neurogenesis in the adult rat brain. Our results suggest that the
alteration of nuclear lamina structure is coupled with the progression of neuronal differentiation.

Introduction

Lamins are type-V intermediate-filament proteins that form a nuclear
lamina, a filamentous meshwork underlying the inner nuclear
membrane, and have diverse functions including structural support
for the nuclear envelope, organization of chromatin and regulation of
gene expression (Gruenbaum et al., 2005). Lamins are subdivided into
A-type and B-type based on sequence homology, and three lamin
genes (LMNA, LMNB1 and LMNB2) have been characterized in
mammals. LMNA encodes four A-type lamins (lamin A, AD10, C and
C2) generated by alternative splicing. LMNB1 encodes lamin B1 and
LMNB2 encodes lamins B2 and B3 (Östlund & Worman, 2003; Broers
et al., 2004).

Lamins A, B1 and B2, and C are major subtypes in mammalian
somatic cells, but the expression pattern is reported to depend on cell
differentiation states in some organs (Mounkes & Stewart, 2004). In
mouse development, lamin A ⁄C is not observed in early develop-
mental stages but appears as the organogenesis and tissue differen-
tiation progress: lamin A ⁄C appears in muscle cells of the trunk or
head at embryonic day 12 when myogenesis begins, in epidermis at
embryonic day 15 when stratification begins and in other tissues such
as heart, liver or lung after birth (Stewart & Burke, 1987; Röber et al.,
1989). In adult tissues, lamin A ⁄C is not observed in immature cells
but is observed in final differentiated cells. Lamin B1 is expressed

abundantly in immature cells but faintly in final differentiated cells in
muscle and epithelial cells of skin, bronchus and colon (Cance et al.,
1992; Broers et al., 1997). The induction of lamin A ⁄C expression
following cell differentiation is also observed in several cells in vitro
(Lebel et al., 1987; Gaustad et al., 2004; Constantinescu et al., 2006).
These reports suggest that lamin expression is regulated during cell
differentiation.
In the development of mouse brain, lamin A ⁄C is first observed at

postnatal day 5 while B-type lamins are observed through all
developmental stages (Röber et al., 1989). This observation suggests
that expression of lamin A ⁄C varies during neuronal differentiation.
However, those observations did not distinguish between cell types,
i.e. neurons and glial cells. Moreover, B-type lamins were not
distinguished into lamin B1 and B2 in that study.
Although it was classically seen as a nonregenerative tissue, the

adult mammalian central nervous system retains the potential for cell
renewal, cell proliferation and neurogenesis (Temple, 2001; Tamura
et al., 2004; Kataoka et al., 2006). Two neurogenic regions are well
studied in adult mammals: the subgranular zone (SGZ) of hippocam-
pal dentate gyrus and the subventricular zone (SVZ), the latter
providing neuronal progenitor cells to the olfactory bulb through the
rostral migratory stream (RMS; Altman & Das, 1965; Altman, 1969).
In both regions, primary neuronal progenitor cells (stem cells) are glial
fibrillary acidic protein (GFAP)-positive (Doetsch et al., 1999; Seri
et al., 2001), while later neuronal progenitor cells are polysialylated
neural cell adhesion molecule (PSA-NCAM)-positive (Seki & Arai,
1991; Bonfanti & Theodosis, 1994; Rousselot et al., 1995). In the
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present study, we investigated changes in expression patterns of
lamins A ⁄C, B1 and B2 during the distinctive neurogenic stages by
simultaneous immunohistochemical observations of the lamin sub-
types and relevant differentiation marker proteins in the cells of both
neurogenic regions of adult rats, by using a confocal laser microscope.

Materials and methods

Animals

Adult Sprague–Dawley rats (8 weeks old, male and female; Nippon
SLC, Hamamatsu, Japan) were used for all the experiments. All
experimental protocols were approved by the animal ethics Committee
of Kansai Medical University and were performed in accordance with
the Principles of Laboratory Animal Care (NIH publication no. 85–23,
revised 1985).

Tissue preparation

We used two fixation procedures based on the immunohistochemical
conditions suitable for primary antibodies.
For methanol and acetone fixation, animals were killed by cervical

dislocation under deep anaesthesia with diethyl ether. Brains were
dissected and snap-frozen with CO2 gas. Coronal or sagittal sections
(10 lm thickness) were cut using a cryostat (Leica, Vienna, Austria),
collected on glass slides and air-dried at room temperature for 1 h.
Subsequently, they were fixed in cold methanol ()20 �C for 10 min)
followed by three dips in acetone (4 �C, three dips 5 s each) and air-
dried for 5 min.
Some specimens were prepared by the formaldehyde fixation

method. Animals were transcardially perfused with 0.1 m phosphate-
buffered saline (PBS) at pH 7.4 under deep anaesthesia with diethyl
ether, followed by a fixative containing 4% formaldehyde and 0.2%
picric acid in 0.1 m phosphate buffer (pH 7.4). Brains were quickly
dissected and incubated for 24 h in the same fixative at 4 �C. After
fixation, brains were cryoprotected in 10% sucrose solution for 24 h
followed by incubation in 20% sucrose solution for 24 h. Brains then
were snap-frozen with CO2 gas and coronal or sagittal sections (30 lm
thickness) were prepared using a cryostat. These sections were stored
at 4 �C in PBS and used for free-floating immunohistochemistry.

Immunohistochemistry

Primary antibodies are summarized in Table 1. Because most of the
anti-lamin antibodies are not effective on formaldehyde-fixed slices
(Senda et al., 2005), we preferentially used methanol- and acetone-

fixed slices to visualize nuclear lamins. The subtype specificities for
anti-lamin monoclonal antibodies has been reported previously
(Table 1). Polyclonal anti-lamin B1 antibody (C-20) was effective
with formaldehyde fixation (Kataoka et al., 2006) and the staining
pattern was similar to that of monoclonal anti-lamin B1 antibody with
methanol–acetone fixation. Because the anti-PSA-NCAM antibody
was effective in formaldehyde fixation but not in methanol–acetone
fixation, polyclonal anti-lamin B1 antibody was used for multilabelled
immunostaining.
Sections were rinsed in PBS with 0.03% Triton X-100 and

incubated with primary antibodies (Table 1) at 4 �C for 24 h. Sections
were then rinsed in PBS with 0.03% Triton X-100 three times and
incubated with Cy2-, Cy3- or Cy5-labelled donkey secondary
antibodies specific to appropriate animal species (Jackson Immuno-
Reseach, West Grove, PA, USA; 1 : 200) at 4 �C for 3 h. Sections
were then rinsed in PBS with 0.03% Triton X-100 three times and
mounted with medium containing 100 mm DTT, 5 lg ⁄mL Hoechst
dye 33258 (Nacalai Tesuque Inc., Kyoto, Japan), 50% glycerol and
PBS at pH 7.4. Some sections were counterstained with TOPRO-3
(Molecular Probes, Eugene, OR, USA; 1 : 1000) for nucleic acid
detection. Fluorescently immunolabelled sections were observed with
a confocal laser microscope (model LSM510-META; Carl Zeiss,
Oberkochen, Germany). Some images were reconstructed digitally
with Adobe Photoshop. For all results, the level of immunoreactivity
observed is indicated as follows: +++, highly positive; ++, positive; +,
weakly positive; –, negative.

Results

Lamin subtypes in germinal zone of dentate gyrus

Formaldehyde-fixed brain sections were employed in immunostain-
ing for lamin B1 with the polyclonal antibody, and methanol- and
acetone-fixed sections were employed for lamin B1 with the
monoclonal antibody, lamins A ⁄C and B2. For all of these immuno-
histochemical stainings, nuclear envelopes were visualized not only
in neurons but also in non-neuronal cells, such as glial cells and
endothelial cells (Fig. 1). Similar staining patterns for lamin B1 were
observed for both formaldehyde fixation and methanol–acetone
fixation (data not shown). Immunostaining patterns for polyclonal
anti-lamin A ⁄C antibody and monoclonal anti-lamin A ⁄C antibody
were identical, and those using two monoclonal antibodies against
lamin B2 were also identical (data not shown). In the pyramidal
neurons at the CA1–CA3 region and granule neurons at the dentate
gyrus, intense immunoreactivities for lamin A ⁄C and B2 were
detected (Fig. 1A and C). On the other hand, immunoreactivity for
lamin B1 was generally weak in these regions; immunoreactivity

Table 1. List of antibodies used in this study

Antigen Animal Antibody type Clone name Supplier Dilution Fixation Reference

Lamin A ⁄ C Mouse mAb 131C3 Chemicon International Inc. 1 : 100 M ⁄A Pugh et al. (1997)
Lamin A ⁄ C Rabbit pAb H-110 Santa Cruz Biotechnology 1 : 100 M ⁄A
Lamin B1 Mouse mAb 119D5-F1 Chemicon International Inc. 1 : 100 M ⁄A Machiels et al. (1995)
Lamin B1 Goat pAb C-20 Santa Cruz Biotechnology 1 : 100 F
Lamin B2 Mouse mAb LN43 Chemicon International Inc. 1 : 100 M ⁄A Bridger et al. (1993)
Lamin B2 Mouse mAb E-3 Zymed Laboratories 1 : 100 M ⁄A Lehner et al., 1986
GFAP Rabbit pAb Sigma 1 : 500 M ⁄A
PSA-NCAM Mouse mAb 2–2B Chemicon International Inc. 1 : 100 F
NeuN Mouse mAb Chemicon International Inc. 1 : 100 F

F, formaldehyde; M ⁄A, methanol–acetone; mAb, monoclonal antibody; pAb, polyclonal antibody.
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was modestly intense only in cells located on the inner ridge of the
dentate gyrus, which is known to be involved in neurogenesis
(Fig. 1B).

Multiple immunostainings for the lamins, NeuN (a marker protein
for mature neurons) and the polysialic acid of PSA-NCAM (a marker
protein for progenitor cells) were performed in formaldehyde-fixed
brain sections (Fig. 2). The granule cell layer (GCL) of the dentate
gyrus was mainly composed of NeuN-positive neurons (Fig. 2C).
Besides mature neurons, both GFAP-positive and PSA-NCAM-
positive progenitor cells have previously been observed in the dentate
gyrus (Seki & Arai, 1991; Seri et al., 2001; Seri et al., 2004). Here,
PSA-NCAM-positive progenitor cells were observed in and around the
SGZ, and showed intense lamin B1-immunoreactivity in their nuclear
envelopes compared with NeuN-positive mature granule neurons
(Fig. 2A–F, small and large arrowheads). PSA-NCAM-positive
progenitor cells were distinguished into two types based on morpho-
logic features. The first type showed a small cell body and an oval- or
polygonal-shaped nucleus with diameters of� 8 lm (Fig. 2A–C, small
arrowheads). These cells showed no obvious processes, formed cell
clusters and resided in the SGZ. This cell type is consistent with
previously reported neuronal progenitor cells in early stages (Seri et al.,
2004). The second type had a large cell body and an oval-shaped
nucleus with a vertical axis, perpendicular to the GCL, with diameters
of � 13 lm, similar to those of mature granule neurons (Fig. 2D–F,
large arrowheads). These cells showed long vertical processes that
traversed the GCL, and they resided solely between the GCL and the
SGZ. Such cells are consistent with previously reported neuronal
progenitor cells in late stages (Seri et al., 2004).
In methanol- and acetone-fixed sections, multiple immunostainings

revealed that granule neurons residing in the GCL showed intense
lamin A ⁄C immunoreactivity compared with lamin B1 (Fig. 2H and
I). However, clustering small cells identified as the first type of
progenitor cell, and intensively immunopositive for lamin B1 (small
arrowheads in Fig. 2A–C), showed weak or no lamin A ⁄C immuno-
reactivity (Fig. 2G–I, small arrowheads). Cells with larger nuclei that
resided solely between the GCL and SGZ and were identified as the
second type of progenitor cell (large arrowheads in Fig. 2D–F) showed
intense immunoreactivities for both lamins B1 and A ⁄C (Fig. 2G–I,
large arrowheads). Double immunostaining for lamin A ⁄C and
lamin B2 indicated that almost all the cells that were intensively
immunopositive for lamin A ⁄C also showed intensive immunoreac-
tivity for lamin B2, suggesting that mature granule neurons and
second-type progenitor cells potently expressed lamin B2 (Fig. 2J and
L). The clustering small cells (first-type progenitor cells), which were
observed to be weakly positive or negative for lamin A ⁄C, also
showed weak lamin B2 immunoreactivity (Fig. 2J–L, small arrow-
heads).
We then examined the existence of each lamin subtype in GFAP-

positive progenitor cells in the SGZ of the dentate gyrus in methanol-
and acetone-fixed sections. GFAP-positive progenitor cells having
long radial processes were observed in the SGZ (Fig. 3B, D and F,
arrowheads). These cells are identical to previously reported primary
neuronal progenitor cells called radial astrocytes, which are distin-
guished from horizontal astrocytes based on morphologic features
(Seri et al., 2001; Seri et al., 2004). Authentic astrocytes also showed
GFAP immunoreactivity and existed in the GCL of the dentate gyrus,
but their radial processes were not as long (data not shown). Radial
astrocytes showed intensive immunoreactivities for lamin A ⁄C
(Fig. 3A and B, arrowheads), for lamin B1 (Fig. 3C and D,
arrowheads) and for lamin B2 (Fig. 3E and F, arrowheads). The
lamin A ⁄C immunoreactivity in radial astrocytes was similar to that
observed in mature granule neurons (Fig. 3A and B, arrowheads).
Lamin B1 immunoreactivity was more intense than that observed in
mature granule neurons but weaker than that observed in first-type
PSA-NCAM-positive progenitor cells (Fig. 3C and D, arrowheads).

Fig. 1. Photomicrographs showing immunofluorescence images of hippo-
campus treated with anti-lamin antibodies. Specimens were fixed with
methanol–acetone and stained with antibodies against (A) lam-
in A ⁄ C, (B) lamin B1 and (C) lamin B2. Images were digitally reconstruc-
ted. DG, dentate gyrus. Scale bar, 0.5 mm.
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Lamin B2 immunoreactivity was weaker than that of mature granule
neurons but more intense than that of first-type PSA-NCAM-positive
progenitor cells (Fig. 3E and F, arrowheads). No differences between
male and female were observed in any of these lamin expression
patterns.

Lamin subtypes in the SVZ

The SVZ exists beneath the ependymal cell layer of the lateral wall of
the lateral ventricle. In the SVZ, there are GFAP-positive neural stem

cells and PSA-NCAM-positive neuronal progenitor cells (Bonfanti &
Theodosis, 1994; Rousselot et al., 1995; Doetsch et al., 1999).
Multiple immunostainings for lamin B1 and PSA-NCAM were
performed in formaldehyde-fixed brain sections (Fig. 4A–C). PSA-
NCAM-positive cells formed clusters under the ependymal layer and
showed intense lamin B1 immunoreactivity in their nuclear envelopes
compared with ependymal cells (Fig. 4A–C, small arrowheads). These
cells are consistent with previously reported neuronal progenitor cells
(Doetsch et al., 1999). Some PSA-NCAM-negative cells also showed
intense lamin B1 immunoreactivity, but these cells were observed

Fig. 2. Photomicrographs showing immunofluorescence images of dentate gyrus. (A–F) Specimens were fixed with formaldehyde and triple-labelled with
antibodies against lamin B1 (green), PSA-NCAM (red) and NeuN (blue). Small arrowheads indicate the clustering small PSA-NCAM-positive cells. Large
arrowheads indicate large PSA-NCAM-positive cells that have long protruding processes. (G–I) Specimens were fixed with methanol–acetone and double-labelled
with antibodies against lamin A ⁄ C (green) and lamin B1 (red). Large arrowheads indicate double-immunoreactive cells. Small arrowheads indicate clustering small
cells. (J–L) Specimens were fixed with methanol–acetone and double-labelled with antibodies against lamin B2 (red) and lamin A ⁄ C (green). Small arrowheads
indicate clustering small cells. Scale bar, 20 lm.
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outside the cluster of PSA-NCAM-positive cells (Fig. 4A–C, large
arrowheads).

In methanol- and acetone-fixed sections, multiple immunostainings
revealed that clustering cells which were identified as neuronal
progenitor cells and were intensively immunopositive for lamin B1
(arrowheads in Fig. 4A–C) showed weak or no lamin A ⁄C immuno-
reactivity (Fig. 4D–F, arrowheads). Double immunostaining for
lamin A ⁄C and lamin B2 indicated that clustering progenitor cells,
which were weakly positive or negative for lamin A ⁄C, showed weak
lamin B2-immunoreactivity (Fig. 4G–I, arrowheads).

We next examined the existence of each lamin subtype in GFAP-
positive neural stem cells in the SVZ in methanol- and acetone-fixed
sections. GFAP-positive cells were observed under the ependymal
layer of the lateral wall of the lateral ventricle (Fig. 5B, E and H, large
arrowheads). These cells are identical to previously reported neural
stem cells, based on their immunoreactivity and location (Doetsch
et al., 1999). GFAP-positive cells located in the SVZ showed intense
immunoreactivities for lamin A ⁄C (Fig. 5A–C large arrowheads)

compared with those of clustering progenitor cells, which were
negative for lamin A ⁄C (Fig. 5A–C small arrowheads). GFAP-
positive cells showed immunoreactivities for lamin B1; the intensity
was heterogeneous (Fig. 5D–F, large arrowheads), but also generally
weaker than that of clustering progenitor cells (Fig. 5D–F, small
arrowheads). The GFAP-positive cells also showed intense lamin B2
immunoreactivity (Fig. 5G–I, large arrowheads) that was more intense
than that of clustering progenitor cells (Fig. 5G–I, small arrowheads).

Lamin subtypes in migrating cells within the glial tubes (RMS)
and the olfactory bulb

Multiple immunostainings for lamin B1 and GFAP were performed in
methanol- and acetone-fixed brain sagittal sections (Fig. 6A and B).
GFAP-positive cells were observed from the lateral ventricle to the
olfactory bulb (Fig. 6B). This structure is consistent with the
previously reported glial tube, which provides for the migration of
PSA-NCAM-positive progenitor cells through the RMS (Lois et al.,
1996; Peretto et al., 1997). Cells intensely positive for lamin B1 were
observed in the anterior side of the lateral ventricle, as well as the glial
tube and the core of the olfactory bulb (Fig. 6A).
In the RMS, multiple immunostainings for lamin B1 and PSA-

NCAM were performed in formaldehyde-fixed brain sections (Fig. 6C
and D). PSA-NCAM-positive cells showed intense lamin B1 immuno-
reactivity like that found in the SVZ (Fig. 6C–E). These cells were
lamin A ⁄C-negative and weakly lamin B2-positive, as in the SVZ
(data not shown).
In the olfactory bulb, multiple immunostainings for lamin B1, PSA-

NCAM and NeuN were performed in formaldehyde-fixed brain
sections (Fig. 6F–I). Both PSA-NCAM-positive progenitor cells and
NeuN-positive mature neurons were observed (Fig. 6F–I). PSA-
NCAM-positive cells showed no NeuN immunoreactivity, and NeuN-
positive cells showed no PSA-NCAM immunoreactivity, respectively
(Fig. 6F–I). The PSA-NCAM-positive cells showed intense lamin B1
immunoreactivity (Fig. 6F–I arrowheads) compared with NeuN-
positive neurons. No difference between male and female was
observed in any of these lamin expression patterns.

Discussion

In the present study, we have demonstrated that the composition of
nuclear lamin is altered during neuronal differentiation in the two
neurogenic regions (the SGZ and the SVZ) of adult rat brain;
lamin A ⁄C (++), B1 (++) and B2 (++) in GFAP-positive primary
progenitor (stem) cells, A ⁄C (–), B1 (+++) and B2 (+) in PSA-NCAM-
positive subsequent neuronal progenitor cells, and A ⁄C (++), B1 (+)
and B2 (+++) in NeuN-positive mature neurons (Fig. 7A and B). In
dentate gyrus, the late stage of PSA-NCAM-positive progenitor cells
possess lamin A ⁄C (+), B1 (++) and B2 (++) (Fig. 7A). Lamin A ⁄C
and lamin B2 expression was reduced, but lamin B1 expression was
induced at the particular stage of neuronal differentiation that is
immunoreactive for PSA-NCAM.
We used two fixation methods, formaldehyde fixation and meth-

anol–acetone fixation. Most antibodies against the lamins were
functional only in methanol–acetone fixation but not in formaldehyde
fixation (Senda et al., 2005). PSA-NCAM, however, could be
immunodetected only in formaldehyde fixation but not in methanol–
acetone fixation. Consequently, we could not perform multiimmuno-
detection of PSA-NCAM and the lamins without lamin B1.
In the dentate gyrus, the primary neuronal progenitor cells were

previously identified as GFAP-positive cells that have long radial

Fig. 3. Photomicrographs showing immunofluorescence images of dentate
gyrus. (A and B) Specimens were double-labelled with antibodies against
lamin A ⁄ C (red) and GFAP (green). (C and D) Specimens were double-
labelled with antibodies against lamin B1 (red) and GFAP (green). (E and F)
Specimens were double-labelled with antibodies against lamin B2 (red) and
GFAP (green). All specimens were fixed with methanol–acetone. Arrowheads
indicate GFAP-positive cells, which have long radial processes. Scale bar,
20 lm.
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processes and reside in the SGZ, and were named radial astrocytes or
type 1 cells (Seri et al., 2001; Filippov et al., 2003; Kempermann
et al., 2004; Seri et al., 2004). We distinguished these cells from
authentic astrocytes or horizontal astrocytes by such features (Seri
et al., 2004). These cells moderately expressed lamins A ⁄C, B1 and
B2 (Fig. 3A–F), and they differentiate into transient neuronal
progenitor cells that are PSA-NCAM-positive (Seki & Arai, 1991;
Seri et al., 2001). PSA-NCAM-positive cells are also called D cells
and can be subdivided into three types based on differentiation steps
and morphological features (Seri et al., 2004). D1 cells are mitotic,
have morphological characteristics such as small cell bodies and no
obvious process, and form cell clusters. D1 cells mature into D2 cells,
which are postmitotic and have short protruding processes. D2 cells
further mature into D3 cells, which have prominent, frequently
vertical, branched processes and show more morphologic similarity to
granule neurons (Seri et al., 2004). In the present study, we
distinguished small and large cell bodies in PSA-NCAM-positive
cells in formaldehyde-fixed sections (Fig. 2A–F). The small PSA-
NCAM-positive cells were morphologically identical to D1 cells (Seri
et al., 2004). In methanol–acetone fixation we distinguished these
cell types by morphological features and localization (Fig. 2G–L).
These cells showed intense immunoreactivity for lamin B1
(Fig. 2A–C), but showed no immunoreactivity for lamin A ⁄C and

weak immunoreactivity for lamin B2 (Fig. 2G–L). Large PSA-
NCAM-positive cells, which had long vertical processes and were
located between the SGZ and the GCL, were identical to D2 or D3
cells (Seri et al., 2004). These cells showed intense immunoreactivities
for lamin B1 (Fig. 2D–I) and lamin A ⁄C (Fig. 2G–I). Mature granule
neurons showed intense immunoreactivities for lamins A ⁄C and B2,
and weak immunoreactivity for lamin B1 (Fig. 3), like those observed
in other mature neurons including pyramidal neurons in the hippo-
campal CA1–CA3 region (Fig. 1). While intensely visible in the CA1
region, the immunoreactivities for lamins A ⁄C and B2 in the CA3
region seemed to be lower under the low magnification (Fig. 1).
However, the immunoreactivities for each lamin in the CA1 and CA3
pyramidal neurons were confirmed to be identical under magnified
view (data not shown). The apparent difference between CA1 and
CA3 under low magnification was due to the larger cell size and lower
density of nuclei in the CA3 region than the CA1 region. The
expression pattern for lamin subtypes in the course of neuronal
differentiation in dentate gyrus is summarized in Fig. 7A.
In the SVZ, the primary neuronal stem cells were previously

identified as GFAP-positive cells, are located beneath ependymal cells
and are called SVZ astrocytes or B cells. These cells mature into
intermediate progenitor cells named C cells, which are highly
proliferative and express neither GFAP nor PSA-NCAM. These

Fig. 4. Photomicrographs showing immunofluorescence images of the SVZ. (A–C) Specimens were fixed with formaldehyde and double-labelled with antibodies
against lamin B1 (green) and PSA-NCAM (red). (D–F) Specimens were fixed with methanol–acetone and double-labelled with antibodies against lamin B1 (red)
and lamin A ⁄ C (green). (G–I) Specimens were fixed with methanol–acetone and double-labelled with antibodies against lamin B2 (red) and lamin A ⁄ C (green).
Arrowheads indicate the cluster of progenitor cells. The apical surface of the ependymal cell layer is lined with white. LV, lateral ventricle. Scale bar, 20 lm.
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intermediate progenitor cells mature into subsequent progenitor cells,
which are named A cells and are immunoreactive for PSA-NCAM
(Doetsch et al., 1999). The PSA-NCAM-positive cells assemble into
chains that are contained within the glial tubes, migrate into the
olfactory bulb through the RMS and differentiate into granule and
periglomerular inhibitory neurons (Luskin, 1993; Bonfanti &
Theodosis, 1994; Lois et al., 1996). In the present study, we detected
moderate immunoreactivities for lamins A ⁄C, B1 and B2 in the
GFAP-positive stem cells (Fig. 5), which were located beneath
ependymal cells and the surrounding clusters of PSA-NCAM-positive
cells with their processes. We observed heterogeneous immunoreac-
tivities for lamin B1 in GFAP-positive cells (Fig. 5D–F large
arrowheads), which may indicate that this population of GFAP-
positive cells is heterogeneous and includes stem cells and authentic
astrocytes (Garcia et al., 2004). PSA-NCAM-positive cells showed
intense immunoreactivity for lamin B1 but showed no or weak
immunoreactivities for lamins A ⁄C and B2 in the SVZ and the RMS
(Figs 4 and 6C–E). In the SVZ, we found PSA-NCAM-negative cells
that showed intense lamin B1 immunoreactivity (Fig. 4A–C, small
arrowheads). As these cells resided outside the cell cluster of PSA-
NCAM-positive cells, they were thought to be GFAP-positive stem
cells or C cells. In the olfactory bulb, NeuN-positive mature neurons
showed weak lamin B1 immunoreactivity compared with PSA-

NCAM-positive cells (Fig. 6). The expression pattern for lamin
subtypes in the course of neuronal differentiation in the SVZ, the RMS
and the olfactory bulb is summarized in Fig. 7B. The alteration of each
lamin subtype is revealed to be consistent in the two neurogenic
regions of adult mammalian brain.
Lamin expression is believed to be related to cell differentiation.

Lamin A ⁄C was not observed in undifferentiated states, but was
induced following progression of differentiation in vitro, e.g. mouse
embryonal carcinoma cell differentiation (Lebel et al., 1987), the
differentiation from human adipose tissue stem cells into cardio-
myocyte (Gaustad et al., 2004) and, most recently, the differentiation
from human embryonic stem cells into neuronal and cardiomyocyte
lineages (Constantinescu et al., 2006). In mouse development,
lamin A ⁄C is not observed in early developmental stages but is
observed once cell differentiation begins (Schatten et al., 1985;
Stewart & Burke, 1987; Röber et al., 1989). In adult mammalian
tissues, lamin A ⁄C is not observed in undifferentiated or proliferative
cells, but is observed in differentiated or nonproliferative cells. On the
other hand, lamin B1 is abundantly expressed in undifferentiated cells
but is absent or only faintly observed in differentiated cells in several
tissues, such as muscles, testis and epithelial cells of skin, bronchus
and colon (Röber et al., 1990; Cance et al., 1992; Ausma et al., 1996;
Coates et al., 1996; Broers et al., 1997; Jansen et al., 1997; Machiels

Fig. 5. Photomicrographs showing immunofluorescence images of the SVZ. (A–C) Specimens were triple-labelled with antibodies against lam-
in A ⁄ C (red), GFAP (green) and TOPRO-3 (blue). (D–F) Specimens were triple-labelled with antibodies against lamin B1 (red), GFAP (green) and TOPRO-3
(blue). (G–I) Specimens were triple-labelled with antibodies against lamin B2 (red), GFAP (green) and TOPRO-3 (blue). Specimens were fixed with methanol–
acetone. Arrowheads indicate GFAP-positive cells. The apical surface of the ependymal cell layer is lined with white. LV, lateral ventricle. Scale bar, 20 lm.
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et al., 1997; Manilal et al., 1999; Venables et al., 2001; Tilli et al.,
2003). These reports nicely complement our observation that
lamin A ⁄C is not expressed in PSA-NCAM-positive progenitor cells
but is expressed in mature neurons, while lamin B1 is expressed at
high levels in PSA-NCAM-positive progenitor cells but at low levels
in mature neurons in two adult neurogenic regions (Fig. 7).
In the mouse brain, lamin A ⁄C first appears in a minority of cells at

postnatal day 5 and is present in almost all cells at postnatal day 15.
B-type lamins, on the other hand, are present through all develop-
mental stages (Röber et al., 1989). This report, however, did not
distinguish neuronal cells from the other cells and did not distinguish
between lamin B1 and B2. The existence of A-type and B-type lamins
in adult human cerebellum was reported previously (Cance et al.,
1992). The authors of that study reported that B-type lamins were
immunopositive in all cells in cerebellum, but these antibodies were
not specific to lamin B1 or B2 alone. Their observations, however,
support our results that lamin B1 and B2 are present in mature neurons
(Fig. 7). Moreover, they reported that lamin A ⁄C was present in the
neurons in granular layer or white matter, while the cells in the
molecular layer as well as Purkinje cells had a reduced or absent level
of lamin A ⁄C (Cance et al., 1992). In the present study, we
demonstrated that lamin A ⁄C was present in all mature neurons in
adult rat neurogenic regions and the hippocampus, that nearly mature

neurons also showed intense immunoreactivity for lamin A ⁄C
(Fig. 1), but that some neurons showed weak immunoreactivity in
other brain regions (data not shown). These different observations are
thought to depend on the specific antibodies used, brain regions
studied or detection techniques employed.
In this paper, we have demonstrated that an alteration of lamin

subtypes occurs during neuronal differentiation. We hypothesize that
this switching of lamin subtypes alters the structure of nuclear lamina
and the state of nuclear proteins that associate with nuclear lamina. As
the expression of lamin A ⁄C is specifically down-regulated in
progenitor cells that express PSA-NCAM during neuronal differen-
tiation, lamin A ⁄C may participate in particular functions in GFAP-
positive progenitor (stem) cells and mature neurons. Lamin A ⁄C
might regulate the expression of genes, as demonstrated by obser-
vations that lamin A ⁄C can interact with transcription factors such as
MOK2, a Krüppel ⁄ TFIIIA-related zinc finger protein expressed
preferentially in brain and testis (Dreuillet et al., 2002), sterol
response element binding protein 1, which is involved in adipocyte
differentiation (Lloyd et al., 2002), and retinoblastoma protein, which
is involved in cell-cycle arrest and cell differentiation (Ozaki et al.,
1994; Johnson et al., 2004; Nitta et al., 2006). As expressions of
lamins B1 and B2 are regulated distinctly during neuronal differen-
tiation, they may participate in some independent cellular functions. It

Fig. 6. Photomicrographs showing immunofluorescence images of rostral migratory stream (RMS) and olfactory bulb (OB). (A and B) Photomicrographs showing
immunofluorescence images of brain sagittal section. Specimens were fixed with methanol–acetone and double-labelled with antibodies against lamin B1 (red) and
GFAP (green). (C–E) Photomicrographs showing immunofluorescence images of RMS. Specimens were fixed with formaldehyde and double-labelled with
antibodies against lamin B1 (green) and PSA-NCAM (red). (F–I) Photomicrographs showing immunofluorescence images of olfactory bulb. Specimens were fixed
with formaldehyde and triple-labelled with antibodies against lamin B1 (green), PSA-NCAM (red) and NeuN (blue). Arrowheads indicate PSA-NCAM-positive
NeuN-negative cells. Scale bars, 1 mm (A and B), 30 lm (C–E), 20 lm (F–I).
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has been reported that mice with a mutant form of LMNB1, the gene
encoding lamin B1 protein, showed developmental defects in lung and
bone, and the fibroblasts from mutant embryos exhibited impaired
adipocyte differentiation and an increased occurrence of polyploidy
(Vergnes et al., 2004). This previous report and our observations
indicate that lamin B1 might play important functions during cellular

proliferation or the differentiation process. Our results imply that
alteration of nuclear lamina is coupled with the progression of
neuronal differentiation, but it is not clear whether switching of lamin
expression is necessary for neuronal differentiation. To determine the
functional relevance of lamin for neuronal differentiation further
analyses are needed, such as overexpression or down-regulation of
lamin subtypes at particular differentiation stages.
As lamins are predominantly localized to the inner nuclear

membrane, they are useful for precisely determining the positions of
cell nuclei in brain (Kataoka et al., 2006). Moreover, as the
composition of lamin subtypes is altered during differentiation in
neuronal cells it can be said that lamins have a unique property that
may be suitable for monitoring the cell differentiation process.
Recently, we have observed that NG2-positive cells, which were
previously reported as oligodendrocyte-progenitor cells (Dawson
et al., 2000; Horner et al., 2002; Nishiyama et al., 2002), have
intense lamin B1 immunoreactivity compared with mature oligodend-
rocytes, and this is consistent with that observed for neuronal cells
(Yasuharu Takamori, unpublished observation). It was previously
proposed that lamin A ⁄C could be used as a marker for cell
differentiation in several systems in vitro (Gaustad et al., 2004;
Constantinescu et al., 2006). Indeed, it is difficult to use lamins solely
as markers to distinguish cell types and populations in the brain in vivo
because lamins are present not only in neuronal cells but also in glial
and endothelial cells (Fig. 1). However, by combining them with other
cell markers or distinguishing the neuronal and glial cell nuclei on the
basis of size and morphology, lamins might become useful molecules
for the study of neuronal differentiation.
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Abstract

In the adult mammalian brain, multipotent stem or progenitor cells involved in reproduction of neurons and glial cells have been well
investigated only in very restricted regions; the subventricular zone of the lateral ventricle and the dentate gyrus in the hippocampal
formation. In the neocortex, a series of in vitro studies has suggested the possible existence of neural progenitor cells possessing
neurogenic and ⁄ or gliogenic potential in adult mammals. However, the cellular properties of the cortical progenitor cells in vivo have
not been fully elucidated. Using 5¢-bromodeoxyuridine labeling and immunohistochemical analysis of cell differentiation markers, we
found that a subpopulation of NG2-immunopositive cells co-expressing doublecortin (DCX), an immature neuron marker, ubiquitously
reside in the adult rat neocortex. Furthermore, these cells are the major population of proliferating cells in the region. The
DCX(+) ⁄NG2(+) cells reproduced the same daughter cells, or differentiated into DCX(+) ⁄NG2(–) (approximately 1%) or
DCX(–) ⁄NG2(+) (approximately 10%) cells within 2 weeks after cell division. The DCX(+) ⁄NG2(–) cells were also immunopositive
for TUC-4, a neuronal linage marker, suggesting that these cells were committed to neuronal cell differentiation, whereas the
DCX(–) ⁄NG2(+) cells showed faint immunoreactivity for glutathione S-transferase (GST)-pi, an oligodendrocyte lineage marker, in
the cytoplasm, suggesting glial cell lineage, and thereafter the cells differentiated into NG2(–) ⁄GST-pi(+) mature oligodendrocytes
after a further 2 weeks. These findings indicate that DCX(+) ⁄NG2(+) cells ubiquitously exist as ‘multipotent progenitor cells’ in the
neocortex of adult rats.

Introduction

In adult mammals, continuous reproduction of neurons is known in
two restricted regions: the subventricular zone (SVZ) of the lateral
ventricle and the subgranular zone of the hippocampal dentate gyrus
(Cameron et al., 1993; Lois & Alvarez-Buylla, 1993). These
neurogenic regions contain neural progenitor cells that possess
proliferative potential including self-reproduction, and can generate
a wide variety of neural cells including neurons, astrocytes and
oligodendrocytes, in vitro (Morshead et al., 1994; Gage et al., 1995;
Gritti et al., 1999). The neural progenitor cells in the neurogenic
regions in vivo include glial fibrillary acidic protein-immunopositive
[GFAP(+)] cells and the polysialyated form of neural cell adhesion
molecule-immunopositive [PSA-NCAM(+)] cells, which are derived
from GFAP(+) cells (Doetsch et al., 1999, 2002; Seri et al., 2001).

Some neural progenitor cells in the SVZ have also been reported to
express NG2 chondroitin sulfate proteoglycan (Belachew et al., 2003).
Observations that cells isolated from the adult rat cerebral cortex

self-renewed and generated both neurons and glial cells under
cultured conditions have implied that the cerebral cortex also
includes neural progenitor cells (Palmer et al., 1999). However,
very little is known about the cellular properties of cortical
progenitor cells in vivo. Recently, NG2(+) cells isolated from the
cerebral gray matter of early postnatal mice were shown to form
neurospheres and gave rise to neurons, as well as astrocytes and
oligodendrocytes in vitro (Belachew et al., 2003). Moreover,
NG2(+) cells were found to be the major proliferating cell
population in the cerebral cortex of adult rats in vivo (Dawson
et al., 2003; Tamura et al., 2004). These reports indicate that
NG2(+) cells may be a candidate for neural progenitor cells in the
adult cortex. However, it remains unclear whether all NG2(+) cells
are cortical progenitor cells and whether the cells have multipotent
activities in vivo. Indeed, it has been reported that only a small
fraction of cortical NG2(+) cells isolated from early postnatal mice
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are immunopositive for Tuj1 and HuC ⁄D, markers for immature
neurons (Chittajallu et al., 2004). Moreover, different subtypes of
NG2(+) cells have been identified in the gray matter of adult rodent
brain on the basis of morphological criteria (Nishiyama et al.,
1999) and physiological properties (Chittajallu et al., 2004). These
observations suggest that NG2(+) cells are composed of heteroge-
neous cellular populations.
In the present study, we identified progenitor cells that express

doublecortin (DCX), an immature neuron marker, among NG2(+)
cells in the neocortex of adult rats in vivo. Furthermore, we examined
whether these cells have multipotent activity by tracing their
differentiation.

Materials and methods

Animals and BrdU injections

Adult male Wistar rats (SLC, Hamamatsu, Japan; 250–350 g body
weight) were used. All experimental protocols were approved by
the Ethics Committee on Animal Care and Use, Kansai Medical
University, and were performed in accordance with the Principles of
Laboratory Animal Care (NIH publication no. 85-23, revised 1985).
For labeling of proliferating cells, adult rats (n ¼ 15) were
intraperitoneally injected with 5-bromodeoxyuridine (BrdU) at
50 mg ⁄ kg body weight. Each animal underwent a single injection
of BrdU.

Immunohistochemistry

Animals were deeply anesthetized with diethyl ether and perfused
transcardially with 4% formaldehyde buffered with 0.1 m phosphate-
buffered saline (PBS; pH 7.4) at 2 h (n ¼ 5), 14 days (n ¼ 5) and
28 days (n ¼ 5) after injection of BrdU (Sigma, St Louis, MO, USA).
Brains were removed, postfixed overnight at 4 �C in 4% formaldehyde
buffered with 0.1 m PBS and then immersed in 20% (w ⁄ v) sucrose
solution. Coronal brain sections (30 lm thickness) were prepared
using a cryostat and collected as free-floating sections. For detection
of BrdU incorporation, brain sections were preincubated in 50%
formamide ⁄ 2 · standard sodium citrate (SSC) for 2 h at 65 �C,
incubated in 2 N HCl for 30 min at 37 �C, rinsed in 0.1 m boric acid
(pH 8.5) for 10 min at 25 �C, and then washed with 0.3% Triton
X-100 in PBS (PBST). For multiplex-immunostaining, coronal
sections were incubated with several primary antibodies for 12–36 h
at 4 �C. The primary antibodies used in this study were: monoclonal
rat anti-BrdU IgG (1 : 10, Oxford Biotechnology, Oxford, UK);
polyclonal rabbit anti-Ki67 IgG (1 : 1000, NovoCastra, Newcastle,
UK); polyclonal goat anti-DCX (C-18) IgG (1 : 100, Santa Cruz
Biotechnology, Santa Cruz, USA); monoclonal mouse anti-PSA-
NCAM IgM (1 : 200, Chemicon, Temecula, CA, USA); polyclonal
rabbit anti-TUC-4 protein IgG (1 : 1000, Chemicon); monoclonal
mouse anti-neuronal nuclei (NeuN) IgG (1 : 200, Chemicon); mono-
clonal mouse anti-NG2 IgG (1 : 200, Chemicon); polyclonal rabbit
anti-NG2 IgG (1 : 200, Chemicon); polyclonal rabbit anti-glutathione
S-transferase (GST)-pi IgG (1 : 500, Medical & Biological Laborat-
ories, Nagoya, Japan); monoclonal mouse anti-oligodendrocytes
(clone RIP) IgG (1 : 20 000, Chemicon); and polyclonal rabbit anti-
GFAP IgG (1 : 100, Sigma). After washing for 30 min (three washes
of 10 min each) with PBST, brain sections were incubated in the
appropriate secondary antibodies conjugated with either Cy2, Cy3 or
Cy5 (1 : 200, Jackson ImmunoResearch, West Grove, PA, USA) for
4 h at 4 �C and washed with PBST for 30 min. Some of the staining
sections were mounted with solution containing TO-PRO3 (1 : 1000,

Molecular Probes, Eugene, OR, USA) and then examined using a
confocal laser microscope (LSM510META Ver. 3.2; Carl Zeiss).

Cell counting procedure

Coronal brain sections (30 lm thickness) were randomly selected
from 2.30 mm to 3.80 mm posterior to the bregma from each animal.
Confocal images were captured at 1-lm intervals along the Z-axis
(depth) from each section and were reconstructed into three-dimen-
sional images. The percentages of cells expressing each cellular
marker among all BrdU-labeled cells were evaluated in the neocortical
parenchyma, including the motor cortex, somatosensory cortex and
auditory cortex of both hemispheres of three coronal sections from
each animal. The proportion of DCX(+) cells in the neocortical
NG2(+) cells was estimated in 12 square areas (150 · 150 lm), which
were randomly selected in the neocortical areas described above from
each hemisphere. Vascular cells, including endothelial and perivascu-
lar cells, which were defined as cells having crescent or narrow nuclei
located along the wall of the blood vessels, were omitted from
analysis. Data from each animal were averaged.

Results

NG2-immunopositive [NG2(+)] cells were abundantly observed in all
cortical layers in the adult rat neocortex (Fig. 1A). Some were closely
attached to the somata of the NeuN(+) neurons (perineuronal territory,
Kataoka et al., 2006; arrowhead in Fig. 1B). We investigated whether
neocortical cells express immature neuron markers by immunofluo-
rescent staining for neuronal-lineage markers (PSA-NCAM and
DCX). The studies revealed that many DCX(+) cells existed
throughout the neocortex (Fig. 1C), although none of the cortical
cells was immunopositive for PSA-NCAM within the neocortex (data
not shown). The majority of DCX(+) cortical cells were found in the
perineuronal territory of NeuN(+) neurons, and the multiple processes
of these cells appeared to wrap around the cell bodies of the neurons
(Fig. 1D), as did some of the NG2(+) cells (arrowhead in Fig. 1B). In
order to investigate the coexistence of DCX and NG2 in these cells,
we then performed triple immunofluorescent staining of DCX, NG2
and TO-PRO3, a DNA ⁄RNA marker contained abundantly in
neuronal somata. The study clearly revealed that such NG2(+) cells
in the perineuronal territory had positive immunoreactivity for DCX
(arrowheads in Fig. 2A–D), and that DCX(–) ⁄NG2(+) cells were also
observed in the cortex (arrows in Fig. 2A–D) but not in the
perineuronal territory. As shown in Fig. 2G, cell pairs consisting of
a DCX(+) ⁄NG2(+) cell (arrowhead) and a DCX(–) ⁄NG2(+) cell
(arrow) were observed, suggesting that these distinctive cells origin-
ated from identical cells. Cell counting studies showed that 63 ± 3%
(mean ± SD, n ¼ 2938 cells from five animals) of neocortical NG2(+)
cells were immunopositive for DCX. The cell densities of
DCX(+) ⁄NG2(+) cells were 70 ± 7 cells ⁄mm2 (mean ± SD, n ¼ 5
animals) in the motor cortex (M1 and M2 defined by Paxinos &
Watson, 1998), 75 ± 7 cells ⁄mm2 in the somatosensory cortex (S1BF
and S1Tr) and 68 ± 5 cells ⁄mm2 in the auditory cortex (Au1, Au and
AuD). These results indicate that two subtypes of NG2(+) cells exist in
the neocortex, based on the presence or absence of DCX
co-expression. DCX(+) ⁄NG2(–) cells were also very occasionally
observed in the adult rat neocortex (asterisk in Fig. 2H–L).
It has been reported that immature neuron markers such as

PSA-NCAM and DCX are expressed only in cells observed in
the entorhinal and piriform cortex (Seki & Arai, 1991; Nacher
et al., 2001), and that the majority of DCX-expressing cells are
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immunopositive for PSA-NCAM in these areas of adult rats (Nacher
et al., 2001). In the present study, we found DCX(+) cells throughout
all layers of the neocortex including the motor cortex, somatosensory
cortex and auditory cortex, in addition to the entorhinal cortex and
piriform cortex. Triple staining revealed that the cortical
DCX(+) ⁄NG2(+) cells were not immunopositive for PSA-NCAM;
Fig. 3 shows that PSA-NCAM was observed only in DCX(+) ⁄NG2(–)
cells (arrows), but not in DCX(+) ⁄NG2(+) cells (arrowheads) in the
piriform cortex. These observations indicate that DCX(+) ⁄NG2(+)
cells ubiquitously observed in the adult cortex and DCX(+) ⁄ PSA-
NCAM(+) cells in the piriform cortex are distinct cell populations.

NG2(+) cells have been reported to be the major population of
proliferating cells in the cerebral cortex of adult rats, based on analysis
of BrdU-incorporated cell nuclei 2 h after BrdU injection (Dawson
et al., 2003; Dayer et al., 2005; Kataoka et al., 2006). In the present
study, we determined whether cortical proliferating cells are
DCX(+) ⁄NG2(+) cells or DCX(–) ⁄NG2(+) cells by triple staining
for NG2, DCX and BrdU using the same BrdU labeling method
(Table 1). Almost all the BrdU-incorporated cells (94.2 ± 1.8%; n ¼ 5
animals) were DCX(+) ⁄NG2(+) cells (Fig. 4A–D), while none of the
DCX(–) ⁄NG2(+) cells or DCX(+) ⁄NG2(–) cells showed BrdU
incorporation at 2 h after BrdU injection (Table 1). We also confirmed
that almost all the Ki67-positive cells were DCX(+) ⁄NG2(+) cells
(data not shown), indicating that these cells are the major cell
population entering the cell cycle. The remaining proliferating cells

were microglia showing immunoreactivity for OX-42 (data not
shown).
We investigated cellular differentiation after proliferation of

DCX(+) ⁄NG2(+) cells in the adult neocortex by multiple immuno-
detection of cell differentiation markers and BrdU at various time
points after BrdU injection. At 14 days after BrdU injection,
approximately 80% (79.5 ± 3.8%), 10% (9.5 ± 3.4%) and 1%
(0.61 ± 0.44%) of BrdU-labeled cells (1168 cells from five animals)
were DCX(+) ⁄NG2(+) (small arrow in Fig. 4E), DCX(–) ⁄NG2(+)
(big arrow in Fig. 4H) and DCX(+) ⁄NG2(–) cells (arrowheads in
Fig. 4E and I), respectively (Table 1). These results indicate that
DCX(+) ⁄NG2(+) cells may produce both DCX(+) ⁄NG2(–) and
DCX(–) ⁄NG2(+) cells in addition to the reproduction of
DCX(+) ⁄NG2(+) cells. We performed other multiple immunohisto-
chemical staining analyses of these cells to determine whether the cells
were committed to the neuronal or glial cell lineage. TUC-4, a
neuronal lineage marker (Seki, 2002), was found in all
DCX(+) ⁄NG2(–) cells (n ¼ 11 cells at 14–28 days after BrdU
injection; arrowhead in Fig. 5), but not in DCX(+) ⁄NG2(+) or
DCX(–) ⁄NG2(+) cells, suggesting that the DCX(+) ⁄NG2(–) cells
were committed to the neuronal cell lineage after generation of the
cells from DCX(+) ⁄NG2(+) cells. We were unable to detect mature
neuronal markers, including NeuN, c-aminobutyric acid (GABA) or
GAD-67, in BrdU-incorporated cells at 14 and 28 days after BrdU
injection.

Fig. 1. The existence of NG2- or doublecortin (DCX)-positive cells in the neocortex of adult rats. (A) NG2(+) cells (red) were abundantly present in the neocortex.
(B) An NG2(+) cell (arrowhead) close to NeuN(+) neuronal soma (green) and NG2(+) cell (arrow) out of the perineuronal territory. (C and D) DCX(+) cells (red)
located in the perineuronal territory of NeuN(+) neurons (green). All cell nuclei and neuronal somata were stained with TO-PRO3. Scale bars: 20 lm.
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In order to examine differentiation of DCX(+) ⁄NG2(+) cells into
the glial lineage, we performed triple immunohistochemistry for
BrdU, NG2 and GST-pi, an oligodendrocyte lineage marker, or for
BrdU, DCX and GST-pi. At 14 days after BrdU injection, a portion
of BrdU(+) ⁄NG2(+) cells started to show faint immunoreactivity for
GST-pi in the cytoplasm (Fig. 6A–D). GST-pi immunoreactivity was
detected in all DCX(–) ⁄NG2(+) cells found in this study, but not in

BrdU(+) ⁄NG2(–) and BrdU(+) ⁄DCX(+) cells. These findings sugg-
ested that only DCX(–) ⁄NG2(+) cells were committed to the
oligodendrocyte lineage at that time point. Furthermore, among the
BrdU-labeled cells at Day 28, potent GST-pi immunoreactivity was
observed only in DCX(–) ⁄NG2(–) cells (Fig. 6E–H), and was faint in
DCX(–) ⁄NG2(+) cells, but not at all present in any DCX(+) cells
(Table 1). Immunohistochemical staining for RIP (Friedman et al.,
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Fig. 2. Two subtypes of NG2(+) cells were distinguished with triple staining for NG2 (green), doublecortin (DCX; red) and TO-PRO3 (blue) in the neocortex.
Arrowheads, DCX(+) ⁄NG2(+) cells (yellow in D and G); arrows, DCX(–) ⁄ NG2(+) cells; asterisks, an NG2(–) ⁄DCX(+) cell. Scale bars: 20 lm (A–D); 10 lm
(E–L).
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1989), another mature oligodendrocyte marker, revealed that this
immunoreactivity was detected in most of the DCX(–) ⁄NG2(–) ⁄GST-
pi(+) cells (Fig. 6I–K).

Discussion

In the present study, we have provided novel evidence that the adult
rat neocortex ubiquitously possesses DCX(+) ⁄NG2(+) cells and that
these cells are the major population of cortical cells involved in cell

reproduction. The DCX(+) ⁄NG2(+) cells differentiate into two kinds
of cell lineages [DCX(+) ⁄NG2(–) cells and DCX(–) ⁄NG2(+) cells] at
14–28 days after mitosis, as well as undergoing reproduction into
identical cells. DCX(+) ⁄NG2(–) cells were immunoreactive for TUC-4,
a neuronal lineage marker, whereas DCX(–) ⁄NG2(+) cells started to
co-express an oligodendrocyte marker GST-pi. Furthermore, the
NG2(+) ⁄GST-pi(+) cells differentiated into new mature oligodendro-
cytes at 28 days. These results indicate that the DCX(+) ⁄NG2(+) cells
serve as cortical progenitor cells, retaining the potential to produce
neuronal lineage cells and oligodendrocytes in the neocortex (Fig. 7).

Fig. 3. Doublecortin (DCX)(+) ⁄ NG2(+) cells were a different population from DCX(+) ⁄ polysialyated form of neural cell adhesion molecule (PSA-NCAM)(+)
cells in the piriform cortex. (A–D) Triple immunohistochemistry for PSA-NCAM (green), DCX (red) and NG2 (blue) in the piriform cortex. Arrowheads,
DCX(+) ⁄NG2(+) cells not immunopositive for PSA-NCAM; arrows, DCX(+) ⁄ PSA-NCAM(+) cells not immunopositive for NG2. Asterisks, DCX(+) cell not
immunopositive for NG2 nor PSA-NCAM (referred to in Nacher et al., 2001). Scale bar: 20 lm.

Table 1. Percentages of cells immunopositive for various cell differentiation markers in all BrdU-labeled cells

BrdU-labeled cells immunopositive for each marker after injection of BrdU (%)

After 2 h After 14 days After 28 days

DCX(+) ⁄NG2(+) 94.2 ± 1.8 (450 ⁄ 479) 79.5 ± 3.8 (932 ⁄ 1168) 69.4 ± 3.2 (584 ⁄ 843)
DCX(+) ⁄NG2(–) 0 (0 ⁄ 479) 0.61 ± 0.44 (7 ⁄ 1168) 0.52 ± 0.69 (4 ⁄ 843)
DCX(–) ⁄NG2(+) 0 (0 ⁄ 479) 9.5 ± 3.4 (112 ⁄ 1168) 11.0 ± 1.8 (95 ⁄ 843)
NG2(+) ⁄ GST-pi(+) 0 (0 ⁄ 213) 10.2 ± 2.6 (52 ⁄ 519) 12.4 ± 2.8 (48 ⁄ 373)
NG2(–) ⁄GST-pi(+) 0 (0 ⁄ 213) 0 (0 ⁄ 519) 9.2 ± 1.2 (35 ⁄ 373)

Data are presented as mean ± SEM (%), n ¼ 5 animals at each time point. The number of positive cells for each marker ⁄ number of BrdU-labeled cells is given in
parentheses. DCX, doublecortin; GST, glutathione S-transferase.
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Two subtypes of NG2-positive cells in the neocortex of adult rats

It has been known that NG2(+) cells abundantly and broadly exist in
the cerebral cortex of adult rats. We observed that 1.2 ± 0.4% and
1.8 ± 0.7% of NG2(+) cells (813 cells and 946 cells from five
animals) in the neocortex were immunoreactive for BrdU and Ki67,
respectively, 2 h after BrdU injection. The findings suggested that few
cortical NG2(+) cells are involved in the cell cycle, and are supported
by a previous report that only 1.5% of all NG2-positive cells are
labeled with BrdU 2 h after BrdU injection (Dawson et al., 2003). In
the spinal cord of adult rats, two subtypes of NG2-positive cells were

argued based on their response to experimental demyelination
(Keirstead et al., 1998). Thus, we assumed that two distinct
populations of NG2(+) cells were also present in the adult cortex,
and confirmed this finding based on co-expression of DCX (Fig. 2).
Proliferative activity was observed only in the DCX(+) ⁄NG2(+) cells,
but not in the DCX(–) ⁄NG2(+) cells (Fig. 4D). Furthermore, we
confirmed that none of the DCX(+) ⁄NG2(+) cells in the neocortex
was immunopositive for GFAP or nestin. Our previous studies showed
that the majority of proliferating cells are located close to the neuronal
somata (the perineuronal territory) in the cerebral cortex of adult rats
(Kataoka et al., 2006). Indeed, in the present study, most of the
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Fig. 4. (A–D) 5¢-Bromodeoxyuridine (BrdU)-incorporated nuclei (green) in NG2(+) ⁄ doublecortin (DCX)(+) cells in the neocortex at 2 h after BrdU injection:
(red), DCX; (blue), NG2. (E–I) Multi-differentiation of BrdU-labeled NG2(+) ⁄DCX(+) cells in the neocortex at 14 days after BrdU injection: BrdU (green), DCX
(red) and NG2 (blue). Arrowheads in (E–G), BrdU-labeled DCX(+) ⁄NG2(–) cells; (E–G) indicate the same area. Small arrows in (E–G), a BrdU-labeled
DCX(+) ⁄NG2(+) cell. Big arrow in (H), a BrdU-labeled DCX(–) ⁄ NG2(+) cell. Scale bars: 10 lm (A–D); 20 lm (E–I).
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DCX(+) ⁄NG2(+) cells were observed in the perineuronal territory, and
many DCX(–) ⁄NG2(+) cells were outside this area (data not shown).
These findings suggest that the DCX(+) ⁄NG2(+) cells are ‘cortical
progenitor cells’ in the neocortex.

Existence of DCX(+) cells in the adult neocortex

In the present study, we observed that the DCX(+) ⁄NG2(+) cells exist
throughout the neocortex of adult rats under physiological conditions
(Fig. 2). However, previous studies in adult rats have reported that
DCX(+) cells are observed only in cortical layers II or III of the
piriform cortex, and in layer II of the entorhinal, perirhinal and insular
cortex (Nacher et al., 2001, 2004), but not in the neocortex more
dorsal to these regions (Jin et al., 2003; Yang et al., 2004; Dayer et al.,
2005). Indeed, the intensity of DCX immunoreactivity in the
DCX(+) ⁄NG2(+) cells observed in the present study was weaker
than that in the previously reported DCX(+) cells in the piriform
cortex (Fig. 3D). Thus, we could barely immunodetect DCX in the
DCX(+) ⁄NG2(+) cells at lower magnifications using a confocal laser-
scanning microscope; however, we were able to successfully detect
them at higher magnifications, i.e. · 40 or · 63 at the objective lens.
Furthermore, we confirmed the expression of DCX in the neocortex

using Western blot analysis; a single 40-kDa band of DCX protein
(Brown et al., 2003) was detected in tissue homogenates prepared
from the parietal cortical tissue as well as piriform cortex (data not
shown).

Cellular differentiation of the DCX(+) ⁄NG2(+) cells

In the current study, we showed that DCX(+) ⁄NG2(–) cells are
generated from DCX(+) ⁄NG2(+) cells in the neocortex of adult rats
using BrdU-labeling methods (Fig. 4 and Table 1), and that all the
DCX(+) ⁄NG2(–) cells contain TUC-4 (Fig. 5). In the dentate gyrus of
the hippocampus, it has been shown that a subset of NG2(+) cells can
differentiate into GABAergic neurons, upregulating the expression of
TOAD-64 (referred to as TUC-4) and downregulating the expression
of NG2 (Belachew et al., 2003). We confirmed that the NG2(+) cells
in the dentate gyrus were also immunoreactive for DCX (data not
shown). Furthermore, DCX-expressing NG2(+) progenitor cells are
also observed in the anterior SVZ, and these cells differentiate into
GABAergic interneurons in the olfactory bulb. Such NG2(+) cells of
these neurogenic regions differentiate into GABAergic interneurons
following downregulation of the NG2 expression (Aguirre & Gallo,
2004). The possibility exists that the DCX(+) ⁄NG2(+) cells in the

Fig. 5. A neuronal lineage marker (TUC-4)-expressing doublecortin (DCX)(+) ⁄NG2(–) cells. Sequential confocal images (0 to +2 lm; A–D, 0lm; E–H, +1.0lm;
I–L, +2.0lm) captured at 1-lm intervals for TUC-4 (green), DCX (red) and NG2 (blue). Arrowheads, DCX(+) ⁄NG2(–) cells immunopositive for TUC-4; arrows,
DCX(+) ⁄NG2(+) cells not immunopositive for TUC-4. Scale bar: 20 lm.
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adult neocortex also differentiate into GABAergic interneurons with
downregulation of NG2 expression. In the present study, we were able
to demonstrate that neocortical DCX(+) ⁄NG2(+) cells have the

potential to give rise to DCX(+) ⁄NG2(–) cells committed to neuronal
lineage cells, but found that none of the cells indicated immunohist-
ochemical characteristics of mature GABAergic neurons. Under such
a low-stimulative environment as in the present experiment, rodent
neocortex might not need to generate new neurons. In fact, it has been
reported that neurogenesis occurs in the cerebral cortex of adult mice
under pathological conditions (Magavi et al., 2000). Furthermore, in
the present study we were unable to determine the fates and functions
of newly generated DCX(+) ⁄NG2(–) cells in the neocortex. Although
those cells were not immunohistochemically mature neurons, such
neuronal lineage cells might have physiological functions even at
immature stages. A subpopulation of immature cells in the cortex has
been reported to show physiological properties, including ion channel
expression profiles and depolarization-induced multiple spikes
(Chittajallu et al., 2004).
At 2 h after BrdU injection, a small number of dividing cells were

OX-42(+) microglia. Thus, we cannot rule out the possibility that the
DCX(+) ⁄NG2(–) cells were generated from the microglia in situ in
the neocortex. However, until now microglia has not been reported to
give rise to neurons or other glial cells, including astrocytes,
oligodendrocytes and NG2(+) glial progenitor cells in the adult brain
under physiological conditions. Indeed, we observed that none of the
OX-42(+) cells was immunoreactive for NG2 and ⁄ or DCX in the

Fig. 6. Glial lineage markers expressing DCX(–) ⁄ NG2(+) cells. (A–D) A 5¢-bromodeoxyuridine (BrdU)-labeled NG2(+) ⁄ glutathione S-transferase (GST)-pi(+)
cell in the neocortex at 14 days after BrdU injection. (E–H) A BrdU-labeled NG2(–) ⁄ GST-pi(+) cell in the neocortex at 28 days after BrdU injection: GST-pi
(green), BrdU (red) and NG2 (blue). (I–K) Two GST-pi(+) ⁄ RIP(+) cells in the neocortex, GST-pi (green) and RIP (blue). (G and K) Magnified views of the area
indicated by a white square in (I). Scale bars: 10 lm.

Fig. 7. Schematic representation of a hypothetical differentiation model of
doublecortin (DCX)(+) ⁄NG2(+) cells in the adult neocortex. DCX(+) ⁄NG2(+)
cells reproduce the identical cells, DCX(+) ⁄NG2(–) cells and DCX(+) ⁄ NG2(–)
cells. In the neuronal lineage, newly generated DCX(+) ⁄ NG2(–) cells show
TUC-4 immunoreactivity. In the oligodendrocyte differentiation, newly gen-
erated DCX(–) ⁄ NG2(+) cells show glutathione S-transferase (GST)-pi immu-
noreactivity, and the cells further differentiate into mature oligodendrocytes
immunopositive for GST-pi and RIP. During oligodendrocyte differentiation,
the expression of NG2 is downregulated, whereas that of cytoplasmic GST-pi is
upregulated.
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neocortex. The origin of the newly generated DCX(+) ⁄NG2(–) cells
may be related to BrdU(+) ⁄DCX(+) cells originating in the SVZ
migrating into the neocortex under pathological conditions, as shown
by Magavi et al. (2000). In the neonatal brain, newly generated
DCX(+) cells have also been reported to migrate from the SVZ to the
cerebral cortex (Suzuki & Goldman, 2003; Fagel et al., 2006). The
vast majority of the DCX(+) young neurons migrating from the SVZ
have been known to express PSA-NCAM (Doetsch et al., 1997, 1999;
Fagel et al., 2006). However, the newly generated DCX(+) ⁄NG2(–)
cells observed in the present study were not immunopositive for PSA-
NCAM (data not shown). Based on these findings we suggest that the
DCX(+) ⁄NG2(–) cells were likely derived from the DCX(+) ⁄NG2(+)
cells in situ in the neocortical parenchyma.

Dawson et al. (2003) suggested that cortical NG2(+) cells can
generate new oligodendrocytes, by finding BrdU-labeled cells
expressing 2¢,3¢-cyclic nucleotide 3¢-phosphodiesterase (CNPase), an
oligodendrocyte marker. However, that study did not trace the
differentiation between NG2-expressing cells and CNPase-expressing
mature oligodendrocytes, and could not show that NG2(+) cells were
on the identical cell lineage path of mature oligodendrocytes. In the
present study, using GST-pi, an oligodendrocyte lineage marker, we
were able to trace every stage of oligodendrocyte differentiation by
NG2(+) ⁄GST-pi(+) cells from DCX(+) ⁄NG2(+) progenitor cells to
NG2(–) ⁄GST-pi(+) mature oligodendrocytes (Fig. 6A–H and Table 1).
The NG2(–) ⁄GST-pi(+) cells were confirmed to be mature oligo-
dendrocytes by observation of immunoreactivity for RIP, a mature
oligodendrocyte marker (Fig. 6I). These results are in agreement with
previous reports indicating maturation of oligodendrocytes following
the downregulation of NG2 expression (Nishiyama et al., 1996) and
the progressive expression of RIP (Friedman et al., 1989). We have
provided the first evidence that cortical NG2(+) cells co-expressing a
neuronal marker reproduce mature oligodendrocytes.

It has been reported that NG2(+) cells may give rise to GFAP(+)
astrocytes in the cerebral cortex of adult rats (Dawson et al., 2003). In
the present study, BrdU-labeled GFAP(+) astrocytes were infrequently
found in the adult neocortex at 28 days after BrdU injection (less than
1%, 2 ⁄ 456 cells from five animals). Thus, perineuronal
DCX(+) ⁄NG2(+) cells might differentiate into astrocytes as well as
oligodendrocytes and neurons. We previously demonstrated that
neural excitation stimulates cellular proliferation of the perineuronal
cells (Tamura et al., 2004; Kataoka et al., 2006), and such an
excitation facilitates the production of GFAP(+) astrocytes (unpub-
lished observation). These observations suggest that local neural
activity controls the production rates of astrocytes, oligodendrocytes
and neurons by regulating the proliferation rate and the direction of the
differentiation of the DCX(+) ⁄NG2(+) cells.
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INTRACELLULAR TRANSLOCATION OF GLUTATHIONE S-TRANSFERASE
PI DURING OLIGODENDROCYTE DIFFERENTIATION IN ADULT RAT
CEREBRAL CORTEX IN VIVO

Y. TAMURA,a,b,c Y. KATAOKA,a,b,c* Y. CUI,a,b,c
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Kansai Medical University, 10-15 Fumizono-cho, Moriguchi, Osaka
570-8506, Japan
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RIKEN, 6-7-3 Minatojima minamimachi, Chuo-ku, Kobe 650-0047,
Japan
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Medicine, 1-4-3 Asahimachi, Abeno-ku, Osaka 545-8585, Japan

Abstract—Glutathione S-transferase (GST)-pi is a cytosolic
isoenzyme used as a marker for mature oligodendrocytes in
the mammalian brain. However, the cellular properties of
GST-pi-immunoreactive [GST-pi (�)] cells in adult brain are
not completely understood. We immunohistochemically
demonstrated the existence of two subtypes of GST-pi (�)
cells in the cerebral cortex of adult rats: one subtype exhib-
ited GST-pi in the cytoplasm (C-type cells), while the other did
mainly in the nucleus (N-type cells). The GST-pi (�) C-type
cells were also immunopositive for 2=,3=-cyclic nucleotide
3=-phosphodiesterase and RIP, indicating that they were ma-
ture oligodendrocytes, while the GST-pi (�) N-type cells ex-
pressed NG2, indicating that they were oligodendrocyte pro-
genitor cells. Furthermore, observation of the fate of newly-
generated cells by 5-bromodeoxyuridine-labeling revealed
that the GST-pi (�) N-type cells differentiated into C-type
cells. These findings indicate translocation of GST-pi from
the nucleus to the cytoplasm during oligodendrocyte
maturation. © 2007 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: oligodendrocyte progenitor cells, NG2, CNPase,
RIP, BrdU.

Glutathione S-transferases (GSTs) are phase II detoxifica-
tion enzymes that catalyze the conjugation of various xe-
nobiotic and endogenous electrophiles with reduced glu-
tathione. The mammalian GSTs consist of eight distinct
classes (alpha, mu, pi, theta, sigma, kappa, zeta, and
omega) separable on the basis of their biological proper-
ties (Mannervik et al., 1985; Meyer et al., 1991; Meyer and
Thomas, 1995; Pemble et al., 1996; Board et al., 1997,
2000). The GST isoenzymes are widely expressed and

distributed among several types of tissue including the
brain (Theodore et al., 1985; Li et al., 1986; Abramovitz
and Listowsky, 1987). Three GST isoenzymes (alpha, mu,
and pi) have been observed in neurons and glial cells in
the brain: GST-alpha is expressed in the nuclei of neurons
of the rat brain (Johnson et al., 1993); GST-mu is ex-
pressed in glial fibrillary acidic protein (GFAP)–immunopo-
sitive astrocytes, but in neither neurons nor oligodendro-
cytes in rat brain (Abramovitz et al., 1988; Cammer and
Zhang, 1992); and GST-pi is found in the cytoplasm of
mature oligodendrocytes, which are immunopositive for
2=,3=-cyclic nucleotide 3=-phosphodiesterase (CNPase), in
rodent cerebral cortex (Cammer et al., 1989; Tansey and
Cammer, 1991). Of these three GSTs, GST-pi has been
used as a specific marker protein for mature oligodendro-
cytes in the mammalian adult brain (Tanaka et al., 2003;
Mason et al., 2004; Gotts and Chesselet, 2005). However,
it was recently reported that glial cells containing GST-pi
protein in both the cytoplasm and nucleus were observed
in the gray and white matter of normal human brain (Terrier
et al., 1990). Thus, the properties of these GST-pi (�) cells
have yet to be determined.

In the present study, we investigated the properties of
GST-pi (�) C-type cells and GST (�) N-type cells using
several specific markers of the oligodendrocyte lineage,
including differentiation state-specific markers. Further-
more, cell differentiation processes in this lineage were
observed using a flash labeling method with 5-bromode-
oxyuridine (BrdU).

EXPERIMENTAL PROCEDURES

Animals and BrdU injections

Adult male Wistar rats (SLC, Hamamatsu, Japan; 250–350 g body
weight) were used. All experimental protocols were approved by
the Ethics Committee on Animal Care and Use of Kansai Medical
University and were performed in accordance with the Principles
of Laboratory Animal Care (NIH Publication No. 85–23, revised
1985). Every effort was made to minimize the number of animals
used and their suffering. In order to label proliferating cells, rats
(n�9) were intraperitoneally injected with BrdU diluted with saline
(50 mg/kg body weight).

Histochemistry

Animals were deeply anesthetized with diethyl ether and perfused
transcardially with 4% formaldehyde buffered with 0.1 M phos-
phate-buffered saline (PBS; pH 7.4) 2 h, 14 days, and 28 days
after BrdU injection. The brains were removed, post-fixed in 4%
formaldehyde buffered with 0.1 M PBS overnight at 4 °C, and then
immersed in 20% (w/v) sucrose solution. Coronal brain sections

*Correspondence to: Y. Kataoka, Department of Physiology, Osaka
City University Graduate School of Medicine, 1-4-3 Asahimachi,
Abeno-ku, Osaka 545–8585, Japan. Tel: �81-6-6645-3711; fax:
�81-6-6645-3712.
E-mail address: kataokay@med.osaka-cu.ac.jp (Y. Kataoka).
Abbreviations: BrdU, 5-bromodeoxyuridine; CNPase, 2=,3=-cyclic nu-
cleotide 3=-phosphodiesterase; GST, glutathione S-transferase; PBS,
phosphate-buffered saline; PBST, 0.3% Triton X-100 in phosphate-
buffered saline.
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(30-�m thickness, 0.26 mm to 3.80 mm posterior to bregma) were
prepared using a cryostat and collected as free-floating sections.

For detection of BrdU incorporation, brain sections were pre-
incubated in 50% formamide/2� saline–sodium citrate buffer for
2 h at 65 °C, incubated in 2 N HCl for 30 min at 37 °C, rinsed in
0.1 M boric acid (pH 8.5) for 10 min at 25 °C, and then washed
with 0.3% Triton X-100 in phosphate-buffered saline (PBST), as
described previously (Tamura et al., 2004). For multiplex-immu-
nostaining, brain sections were incubated with several primary
antibodies at 4 °C for 12–36 h. The primary antibodies used in this
study were as follows: monoclonal mouse anti-GST-pi IgG (1:
1000, BD Biosciences, San Jose, CA, USA), polyclonal rabbit
anti-GST-pi IgG (1:500, Medical and Biological Laboratories,
Nagoya, Japan), monoclonal rat anti-BrdU IgG (1:10, Oxford Bio-
technology, Oxford, UK), polyclonal rabbit anti-Ki67 IgG (1:1000,
NovoCastra, Newcastle, UK), monoclonal mouse anti-NG2 IgG
(1:200, Chemicon, Temecula, CA, USA), polyclonal rabbit anti-
NG2 IgG (1:200, Chemicon), monoclonal mouse anti-CNPase IgG
(1:20,000, Sigma, Taufkirchen, Germany), monoclonal mouse an-
ti-oligodendrocytes (clone RIP) IgG (1:20,000, Chemicon), and
polyclonal goat anti-lamin B1 IgG (1:100, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). After washing with PBST for 30 min,
brain sections were incubated with secondary antibodies conju-
gated with Cy2, Cy3, or Cy5 (1:200, Jackson ImmunoResearch,
West Grove, PA, USA) for 4 h at 4 °C and washed with PBST for
30 min. The sections were mounted with TO-PRO3-containing
solution (Molecular Probes, Eugene, OR, USA) and examined
using a confocal laser microscope (LSM510META Ver. 3.2; Carl
Zeiss, Oberkochen, Germany).

Cell counting procedure

Two brain sections were randomly selected from each animal.
The number of cells expressing each oligodendrocyte lineage
marker among GST-pi (�) cells was counted in 72 square
areas (150 �m�150 �m, 12 square areas in each hemisphere)
randomly positioned in layers I–VI of cerebral cortex (motor
cortex, M1 and M2; somatosensory cortex, S1BF, S1DZ, S1FL,
S1HL, and S1Tr; and auditory cortex, Au1, AuD, and AuV; as
defined by Paxinos and Watson, 1998). The number of cells
expressing each cellular marker among all BrdU-labeled cells
was counted in the same area of each animal. Data from each
animal were averaged.

RESULTS

Two subtypes of GST-pi (�) cells

GST-pi (�) cells were widely present throughout layers
I–VI of cerebral cortex of adult rats. Double staining for
GST-pi and TO-PRO3, a DNA marker, which allows visu-
alization of all cells, especially the nuclei, revealed two
different types of GST-pi (�) cells on the basis of intracel-
lular distribution of GST-pi immunoreactivity: cells exhibit-
ing GST-pi immunoreactivity in the cytoplasm (C-type
cells, arrows in Fig. 1A) and those exhibiting immunoreac-
tivity in the nucleus (N-type cells, arrowhead in Fig. 1A). In
order to visualize the nuclear membrane, immunohisto-
chemical staining for lamin B1, a nuclear envelope protein
(Kataoka et al., 2006; Takamori et al., 2007), was per-
formed. Confocal z-series analysis of double-immunofluo-
rescence staining for GST-pi and lamin B1 clearly showed
that the C-type cells contained GST-pi mainly in the cyto-
plasm and little within the nucleus (Fig. 1B and arrow in
Fig. 1C), while N-type cells contained this protein mainly in
the nucleus and in small amounts in the cytoplasm, espe-
cially around the nucleus (arrowhead in Fig. 1C).

Expression of GST-pi in
oligodendrocyte-lineage cells

To examine the features of GST-pi (�) C-type and N-type
cells in the cerebral cortex, we performed double-immun-
ofluorescence staining using mature oligodendrocyte cell
markers (CNPase and RIP). All the cells immunopositive
for CNPase were GST-pi (�) cells (arrows in Fig. 2A).
However, GST-pi (�) cells without CNPase were also
observed (arrowheads in Fig. 2A). Cell counting revealed
that 72.6�2.8% (mean�S.D., n�1389 cells from three
animals) and 72.4�1.5% (mean�S.D., n�1338 cells from
three animals) of GST-pi (�) cells were CNPase (�) and
RIP (�), respectively. The distribution of CNPase (�) cells
was very similar to that of RIP (�) cells. The antigen
recognized with the RIP antibody has recently been iden-

Fig. 1. Two subtypes of GST-pi (�) cells in cerebral cortex. (A) Double staining for GST-pi (green) and TO-PRO3 (red) in cortical layers I and II–III
of somatosensory cortex reveals two subtypes of GST-pi (�) cells; arrows indicate cytoplasmic GST-pi (�) cells, while the arrowhead indicates a
nuclear GST-pi (�) cell on the image of a single z-slice. (B, C) Single-z-slice images with ortho-images of confocal z-stacks (upper and right panels
in B and C) of GST-pi (�) cells in the areas indicated by boxes in A. Double-immunostaining for GST-pi (green) and lamin B1 (red) reveals that GST-pi
(�) cells include both GST-pi (�) C-type cells, which exhibit immunoreactivity for GST-pi in the cytoplasm (B, and arrow in C), and a GST-pi (�) N-type
cell, which exhibits immunoreactivity mainly within the nucleus (arrowhead in C). Scale bars�20 �m in (A); 5 �m (B, C).
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tified as CNPase (Watanabe et al., 2006). These findings
suggested that approximately 70% of GST-pi (�) cells are
CNPase (�) and RIP (�) mature oligodendrocytes, while
the remaining (approximate 30%) of GST-pi (�) cells were
not mature oligodendrocytes. Analysis of the intracellular
distribution of GST-pi showed that all GST-pi (�)/CNPase
(�) cells and GST-pi (�)/RIP (�) cells were GST-pi (�)
C-type cells (arrows in Fig. 2B), whereas a majority of
GST-pi (�)/CNPase (�) cells were GST-pi (�) N-type
cells (arrowhead in Fig. 2B).

In the adult brain, oligodendrocyte progenitor cells
(OPCs) have been identified as NG2-containing cells
(Nishiyama et al., 1997; Dawson et al., 2000, 2003). We
therefore next performed immunofluorescence staining for
GST-pi and NG2 to examine the phenotype of residual
GST-pi (�) cells containing neither CNPase nor RIP. In the
cortex, all NG2 (�) cells observed in this study were

GST-pi (�) cells, and 28.5�2.3% (mean�S.D., n�1384
cells from three animals) of GST-pi (�) cells were immu-
noreactive for NG2 (arrowheads in Fig. 2C); in addition,
77.2�3.1% (mean�S.D., n�498 cells from three animals)
of GST-pi (�)/NG2 (�) cells were GST-pi (�) N-type cells
(arrowheads in Fig. 2D) and 22.8�3.1% of them were
GST-pi (�) C-type cells. Almost all (99.2�0.1%) GST-pi
(�) N-type cells (n�376 cells from three animals) were
immunopositive for NG2, while some NG2 (�)/GST-pi (�)
N-type cells exhibited very weak immunoreactivity for
GST-pi. No clear differences in morphology including cell
size and number of processes were noted between NG2
(�)/GST-pi (�) N-type cells and NG2 (�)/GST-pi (�) C-
type cells. It was confirmed that neither immunoreactivity
for CNPase nor that for RIP was observed in NG2 (�)
cells, as previously reported (Keirstead et al., 1998; Daw-
son et al., 2003).

Fig. 2. Phenotypes of GST-pi (�) cells in cerebral cortex. (A, B) Triple staining for CNPase (green), GST-pi (red), and TO-PRO3 (blue) on images
of single z-slices. Arrows, GST-pi (�)/CNPase (�) cells; arrowheads, GST-pi (�)/CNPase (�) cells. (C) Triple staining for NG2 (green), GST-pi (red),
and TO-PRO3 (blue) on an image of a single z-slice. Arrowheads, GST-pi (�)/NG2 (�) cells. (D) A single-z-slice image with ortho-image of
confocal z-stacks (upper and right panels in D) of cells double-labeled (arrowheads) with NG2 (green) and GST-pi (red). Scale bars�20 �m
(A, C); 10 �m (B, D).
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Nuclear GST-pi (�) (N-type) cells differentiate into
cytoplasmic GST-pi (�) (C-type) cells

To determine whether GST-pi (�) N-type cells differentiate
into GST-pi (�) C-type mature oligodendrocytes in vivo,
triple-immunofluorescence staining for BrdU, GST-pi, and
NG2 was performed using brain sections taken at several
time points after a single injection of BrdU. At 2 h after
BrdU injection, 94.7�1.9% of BrdU-labeled cells (mean�
S.D., n�134 cells from three animals) were NG2 (�)/
GST-pi (�) N-type cells (Fig. 3A–D). Almost all Ki67 (�)
cells corresponded to GST-pi (�) N-type cells (data not
shown), indicating that these cells were the major prolifer-
ating cell population. At 14 days after injection, in addition
to BrdU-labeled NG2 (�)/GST-pi (�) N-type cells
(82.8�4.6%; mean�S.D., n�201 cells from three ani-
mals), 9.7�2.0% (mean�S.D., n�201 cells from three
animals) of BrdU-labeled cells were NG2 (�)/GST-pi (�)
C-type cells (arrowheads in Fig. 3E–H). However, no NG2
(�)/GST-pi (�) C-type cells were observed among BrdU-
labeled cells. These findings suggest that NG2 (�)/GST-pi
(�) C-type cells are at the intermediate-differentiation

stage in the oligodendrocyte lineage. At 28 days after
injection, in addition to BrdU-labeled NG2 (�)/GST-pi (�)
N-type cells (74.0�4.0% of BrdU-labeled cells, mean�
S.D., n�227 cells from three animals) and NG2 (�)/
GST-pi (�) C-type cells (11.8�2.0% of BrdU-labeled cells,
mean�S.D., n�227 cells from three animals), 8.5�1.2%
of BrdU-labeled cells (mean�S.D., n�227 cells from three
animals) were NG2 (�)/GST-pi (�) C-type cells (arrow-
heads in Fig. 3I–L). These findings indicate that GST-pi
(�) N-type cells differentiate into GST-pi (�) C-type ma-
ture oligodendrocytes.

DISCUSSION

It has been reported that GST-pi is expressed in carbonic
anhydrase- or CNPase-positive mature oligodendrocytes
in the adult rodent brain (Cammer et al., 1989; Tansey and
Cammer, 1991). In the present study, we found, in the
cerebral cortex of adult rats, that approximately 70% of
GST-pi (�) cells were CNPase (�) and RIP (�) mature
oligodendrocytes (Fig. 2A and B), while the residual 30%
were NG2 (�) oligodendrocyte progenitor cells expressing

Fig. 3. GST-pi (�) N-type oligodendrocyte progenitor cells differentiated into GST-pi (�) C-type mature oligodendrocytes. (A–L) Triple immunola-
beling for GST-pi (green), NG2 (red), and BrdU (blue) on images of single z-slices. An NG2 (�)/GST-pi (�) N-type BrdU-labeled cell at 2 h after BrdU
injection (A–D). An NG2 (�)/GST-pi (�) N-type BrdU-labeled cell and an NG2 (�)/GST-pi (�) C-type BrdU-labeled cell (arrowheads) at 14 days after
BrdU injection (E–H). An NG2 (�)/GST-pi (�) C-type BrdU-labeled cell at 28 days after BrdU injection (arrowheads in I–L). A–C, E–G, and I–K are
at the same magnification; scale bar�10 �m (K). D, H, and L are at the same magnification; scale bar�10 �m (L). (M) Schema of pattern of
immunoreactivity for GST-pi (green) and NG2 (red) in oligodendrocyte-lineage cells.
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neither CNPase nor RIP (Fig. 2B and C). Although GST-pi
has been used as a specific marker protein for identifica-
tion of mature oligodendrocytes (Tanaka et al., 2003; Ma-
son et al., 2004; Gotts and Chesselet, 2005), our findings
indicate that careful usage of it will be necessary.

We demonstrated that two types of GST-pi (�) cells
exhibited different subcellular localizations of GST-pi pro-
tein; mature oligodendrocytes contained GST-pi protein
mainly in the cytoplasm (C-type cells) (Fig. 1B and arrow in
Fig. 1C), while progenitor cells contained the protein
mainly within the nucleus (N-type cells) (arrowhead in Fig.
1C). Even on confocal laser microscopy, it was occasion-
ally difficult to distinguish between the N-type and C-type
cells at low magnification (Fig. 2C). However, use of the
profile mode of confocal laser microscope software at high
magnification permitted identification of such cell types on
the basis of fluorescence intensity.

These findings were demonstrated by immunohisto-
chemical studies with both monoclonal and polyclonal
anti-GST-pi antibodies. Furthermore, we confirmed by
Western blotting that both monoclonal and polyclonal
antibodies recognized only 23 kDa GST-pi protein in
tissue homogenates from cerebral cortex of adult rats
(data not shown).

In the BrdU-labeling study, almost all BrdU-labeled
cells were NG2 (�)/GST-pi (�) N-type cells at 2 h after
BrdU injection (Fig. 3A–D). At 14 days after injection, NG2
(�)/GST-pi (�) C-type cells began to appear besides NG2
(�)/GST-pi (�) N-type cells among BrdU-labeled cells (ar-
rowheads in Fig. 3E–H). At 28 days after injection, NG2
(�)/GST-pi (�) C-type cells could be observed among
BrdU-labeled cells in addition to the types of cells observed
at 14 days (arrowheads in Fig. 3I–L). These findings indi-
cate that NG2 (�)/GST-pi (�) N-type cells differentiate into
mature oligodendrocytes, which are NG2 (�)/GST-pi (�)
C-type cells, through intermediate cells, which are NG2
(�)/GST-pi (�) C-type cells (Fig. 3M).

Nuclear expression of GST-pi has been reported in
human uterine cancer (Shiratori et al., 1987), human met-
astatic neuroblastoma (Hall et al., 1994), and human gli-
oma (Ali-Osman et al., 1997). These observations suggest
that nuclear GST-pi expression is related to cellular prolif-
eration. Indeed, in the present study, only NG2 (�)/GST-pi
(�) N-type cells exhibited proliferative activity among
GST-pi (�) cells in adult cortex (Fig. 3A–D). Although the
functional significance of translocation of GST-pi protein
from the cell nucleus to the cytoplasm remains to be de-
termined, observation of the intracellular location of these
markers permits identification of the stages of differentia-
tion of oligodendrocyte lineage cells.

Acknowledgments—This work was supported in part by Special
Coordination Funds for Promoting Science and Technology from the
Ministry of Education, Culture, Sports, Science, and Technology,
Japan, to Y.K., by consignment expenses from the Molecular Imag-
ing Program on “Research Base for Exploring New Drugs” from the
Ministry of Education, Culture, Sports, Science, and Technology to
Y.W., and by a Grant-in-Aid for Scientific Research (No. 16590157)
from the Japan Society for Promotion of Science to H.Y.

REFERENCES

Abramovitz M, Homma H, Ishigaki S, Tansey F, Cammer W, Listowsky
I (1988) Characterization and localization of glutathione-S-trans-
ferases in rat brain and binding of hormones, neurotransmitters,
and drugs. J Neurochem 50:50–57.

Abramovitz M, Listowsky I (1987) Selective expression of a unique
glutathione S-transferase Yb3 gene in rat brain. J Biol Chem
262:7770–7773.

Ali-Osman F, Brunner JM, Kutluk TM, Hess K (1997) Prognostic
significance of glutathione S-transferase pi expression and subcel-
lular localization in human gliomas. Clin Cancer Res 3:2253–2261.

Board PG, Baker RT, Chelvanayagam G, Jermiin LS (1997) Zeta, a
novel class of glutathione transferases in a range of species from
plants to humans. Biochem J 328(Pt 3):929–935.

Board PG, Coggan M, Chelvanayagam G, Easteal S, Jermiin LS,
Schulte GK, Danley DE, Hoth LR, Griffor MC, Kamath AV, Rosner
MH, Chrunyk BA, Perregaux DE, Gabel CA, Geoghegan KF, Pan-
dit J (2000) Identification, characterization, and crystal structure of
the omega class glutathione transferases. J Biol Chem 275:
24798–24806.

Cammer W, Tansey F, Abramovitz M, Ishigaki S, Listowsky I (1989)
Differential localization of glutathione-S-transferase Yp and Yb
subunits in oligodendrocytes and astrocytes of rat brain. J Neuro-
chem 52:876–883.

Cammer W, Zhang H (1992) Localization of Pi class glutathione-S-
transferase in the forebrains of neonatal and young rats: evidence
for separation of astrocytic and oligodendrocytic lineages. J Comp
Neurol 321:40–45.

Dawson MR, Levine JM, Reynolds R (2000) NG2-expressing cells in
the central nervous system: are they oligodendroglial progenitors?
J Neurosci Res 61:471–479.

Dawson MR, Polito A, Levine JM, Reynolds R (2003) NG2-expressing
glial progenitor cells: an abundant and widespread population of
cycling cells in the adult rat CNS. Mol Cell Neurosci 24:476–488.

Gotts JE, Chesselet MF (2005) Migration and fate of newly born cells after
focal cortical ischemia in adult rats. J Neurosci Res 80:160–171.

Hall AG, McGuckin AG, Pearson AD, Cattan AR, Malcolm AJ, Reid
MM (1994) Glutathione S-transferase in bone marrow metastases
of disseminated neuroblastoma. J Clin Pathol 47:468–469.

Johnson JA, El Barbary A, Kornguth SE, Brugge JF, Siegel FL (1993)
Glutathione S-transferase isoenzymes in rat brain neurons and
glia. J Neurosci 13:2013–2023.

Kataoka Y, Tamura Y, Takamori Y, Cui Y, Yamada H (2006) Perineu-
ronal germinal cells in the rat cerebral cortex. Med Mol Morphol
39:28–32.

Keirstead HS, Levine JM, Blakemore WF (1998) Response of the
oligodendrocyte progenitor cell population (defined by NG2 label-
ling) to demyelination of the adult spinal cord. Glia 22:161–170.

Li NQ, Reddanna P, Thyagaraju K, Reddy CC, Tu CP (1986) Expres-
sion of glutathione S-transferases in rat brains. J Biol Chem
261:7596–7599.

Mannervik B, Alin P, Guthenberg C, Jensson H, Tahir MK, Warholm M,
Jornvall H (1985) Identification of three classes of cytosolic gluta-
thione transferase common to several mammalian species: corre-
lation between structural data and enzymatic properties. Proc Natl
Acad Sci U S A 82:7202–7206.

Mason JL, Toews A, Hostettler JD, Morell P, Suzuki K, Goldman JE,
Matsushima GK (2004) Oligodendrocytes and progenitors become
progressively depleted within chronically demyelinated lesions.
Am J Pathol 164:1673–1682.

Meyer DJ, Coles B, Pemble SE, Gilmore KS, Fraser GM, Ketterer B
(1991) Theta, a new class of glutathione transferases purified from
rat and man. Biochem J 274(Pt 2):409–414.

Meyer DJ, Thomas M (1995) Characterization of rat spleen prosta-
glandin H D-isomerase as a sigma-class GSH transferase. Bio-
chem J 311(Pt 3):739–742.

Y. Tamura et al. / Neuroscience 148 (2007) 535–540 539



Nishiyama A, Yu M, Drazba JA, Tuohy VK (1997) Normal and reactive
NG2� glial cells are distinct from resting and activated microglia.
J Neurosci Res 48:299–312.

Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates,
4th ed. San Diego: Academic Press.

Pemble SE, Wardle AF, Taylor JB (1996) Glutathione S-transferase
class kappa: characterization by the cloning of rat mitochondrial
GST and identification of a human homologue. Biochem J 319(Pt
3):749–754.

Shiratori Y, Soma Y, Maruyama H, Sato S, Takano A, Sato K (1987)
Immunohistochemical detection of the placental form of glutathi-
one S-transferase in dysplastic and neoplastic human uterine cer-
vix lesions. Cancer Res 47:6806–6809.

Takamori Y, Tamura Y, Kataoka Y, Cui Y, Seo S, Kanazawa T, Kurokawa
K, Yamada H (2007) Differential expression of nuclear lamin, the
major component of nuclear lamina, during neurogenesis in two ger-
minal regions of adult rat brain. Eur J Neurosci 25:1653–1662.

Tamura Y, Kataoka Y, Cui Y, Yamada H (2004) Cellular proliferation in
the cerebral cortex following neural excitation in rats. Neurosci Res
50:129–133.

Tanaka K, Nogawa S, Suzuki S, Dembo T, Kosakai A (2003) Upregu-
lation of oligodendrocyte progenitor cells associated with restora-
tion of mature oligodendrocytes and myelination in peri-infarct area
in the rat brain. Brain Res 989:172–179.

Tansey FA, Cammer W (1991) A pi form of glutathione-S-transferase
is a myelin- and oligodendrocyte-associated enzyme in mouse
brain. J Neurochem 57:95–102.

Terrier P, Townsend AJ, Coindre JM, Triche TJ, Cowan KH (1990)
An immunohistochemical study of pi class glutathione S-trans-
ferase expression in normal human tissue. Am J Pathol 137:
845– 853.

Theodore C, Singh SV, Hong TD, Awasthi YC (1985) Glutathione
S-transferases of human brain. Evidence for two immunologi-
cally distinct types of 26500-Mr subunits. Biochem J 225:375–
382.

Watanabe M, Sakurai Y, Ichinose T, Aikawa Y, Kotani M, Itoh K (2006)
Monoclonal antibody Rip specifically recognizes 2=,3=-cyclic nucle-
otide 3=-phosphodiesterase in oligodendrocytes. J Neurosci Res
84:525–533.

(Accepted 13 June 2007)
(Available online 2 August 2007)

Y. Tamura et al. / Neuroscience 148 (2007) 535–540540



-16- 

Perfusion of adult rat and removal of brain 

Immunostaining of 
the reference section

Mounting of the adjacent 
sections for LMD on membrane

Isolation of target neurons by LMD

RNA extraction and reverse transcription

Comparison of image of these sections 
and nomination of target neurons

Cutting the brain into serial thin sections on a cryostat

A Perfusion of adult rat and removal of brain 

Immunostaining of 
the reference section

Mounting of the adjacent 
sections for LMD on membrane

Isolation of target neurons by LMD

RNA extraction and reverse transcription

Comparison of image of these sections 
and nomination of target neurons

Cutting the brain into serial thin sections on a cryostat

A

������� 

���	
 º»��¼�½¾¿ÀÁÂÃ¤��Ä�fÅYT7ÆY`T !�Ç 
ÈÉÊ/wË mRNAÇÌÍÎ	Ï¨�µ¯ 

��� Laser microdissection of immunopositive neurons on serial thin tissue sections: 
a simplified method for mRNA analysis 

����� TÐ� U� E-mail sugimoto@takii.kmu.ac.jp 

����
 ������SÁÂ��&'�( 2�*+�,- 
��./�
 VW� XY4�Z� [\4]�� ^_ 
@ABAC Laser microdissection4NOÆþ%$¿`a�sn�4bc`a¯� 
�

� LMo

bc`a¯�}oAdA�Ì�O¿e�fOpqn[Ýe^�"#¨.Æ�ÎÈËUz4

2��+x�� RNA g©�h¯[��k}Yfi¸�jk��_YZyÐ��XzHI
�NOÆþ%$¿`a�sn�[�|ZUÏ��4w�l	¸[DmkZÙË[µþ^�y

ª��Æz4nokZpqqr[eYZw}X4bc`a¯�ÖUÓs�����HI�

RNA[��¶�.�kZw}��#Ux�� (Fig. A)y 
�

¡ $%�¢£¤¥�o

bc`a¯�X.���½¾

A¿nt�¨©[uvZ�|4â

HI�NOÆþ%$¿`a�sn

�[kZ��4bc=¨�HI[

wxÖUyàkZÚÛ�ÏZyo

AdA�Ì�O¿e�fOpqn 
Laser Micro-Dissection (LMD) zÓ
A�HI�ë[^»UyàkZ�

U�¢|_äexÙåXÏZy

LMDU¶�_bc=¨�HI[y
àkZzëz{|XUY�®��

���_YZ�4w�ÙËUT�

kZ0}�l	z4eYZqr[~G}�n@¾NAlkZ«¬X� RNA .&����
�XÏZyw��| RNA �g©�ó[��kZw}Ux�4O¿A½n����[�ó
�ÀZ����ÅUxZyw�[m�Z���Y�®��j��_YZ�4�AÖx&�

hzxYy{D��,z4à¡^� RNA �g©�ó}Yfl	[DmkZ�|Unoq
r[eYZÙË[µþ^�ykx¢,4bc��^�qr��bc=¨[�^�HI[�

oyàÀ�4nokZqrU�|

�Z�{HI��.�[�A^4

ª�HI��.�U LMD[�ek
Zw}U¶�_ RNA[yà^�y
w�gËU¶�bc���� RNA
.&��U¶Zg©�ó�xYH

I[wxÖUyàkZw}��#

Ux��y 
 
¦ $%§¨ 
�¨��mÔl[!���ËU

¶�ãA^S[k�y��pqq

r��"O¿n��[��^� 
(Fig. B)y 

Tissue preparation
Animal

Male Sprague-Dawley rats (7-week-old) weighing 200 g.

Perfusion
The animals were deeply anesthetized with intraperitoneal 

sodium pentobarbital (50 mg/kg) and perfused transcardially 
with 300 ml of fixative containing 2% paraformaldehyde in 0.1 
M phosphate buffer, pH 7.4. The brain was immediately 
removed and stored overnight in the phosphate buffer 
containing 25% sucrose at 4�. 

Tissue sectioning�
The occipital cortex was removed from the fixed brain,

embedded in OCT compound (Sakura, Torrance, CA) and stored 
at –80�. Cryosectioning was performed on a cryostat into serial 
coronal sections of 4-um thickness. The tissue section for 
immunohistochemistry was mounted on gelatin-coated slides
and those for LMD were mounted on support membranes.

B Tissue preparation
Animal

Male Sprague-Dawley rats (7-week-old) weighing 200 g.

Perfusion
The animals were deeply anesthetized with intraperitoneal 

sodium pentobarbital (50 mg/kg) and perfused transcardially 
with 300 ml of fixative containing 2% paraformaldehyde in 0.1 
M phosphate buffer, pH 7.4. The brain was immediately 
removed and stored overnight in the phosphate buffer 
containing 25% sucrose at 4�. 

Tissue sectioning�
The occipital cortex was removed from the fixed brain,

embedded in OCT compound (Sakura, Torrance, CA) and stored 
at –80�. Cryosectioning was performed on a cryostat into serial 
coronal sections of 4-um thickness. The tissue section for 
immunohistochemistry was mounted on gelatin-coated slides
and those for LMD were mounted on support membranes.

B



-17- 

 
© ª«¬�'< 
nokZ`aqr[

eY_4CW����[

LMD U   k Z � |

Clonis � supporting 
membrane U¡�^� 
(Fig. C)y 
w�membranez¢�
¨�8Y�|4�,U`

aqr[neutral redX�
�^_HI[�AkZ

·U¢«£U¶Z��

��#UxZyF�Un

okZqrzbc`a

¯�U kZ�|4Mm

�C¤mMU¡���

�yw��¥��`aq

rz��|�z¦��

�bc��U�kZ

w}�X�Z (Fig. D)y
wwXzmÔl�§�

Hè©��L¨�L¨

"nbc=¨HI}b

c©¨HI[ª�^_

YZybc=¨�HI[

CW��qr«X»L

^�f<X4ª�HI[

LMD U�kZ�|U

Clonis �z¬U®k
(Fig. E)yClonisU¶�_
target cell [�¯^»U
ÓAX��ŷ ��HI
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VESICULAR ACETYLCHOLINE TRANSPORTER–IMMUNOREACTIVE
AXON TERMINALS ENRICHED IN THE PONTINE NUCLEI OF
THE MOUSE

T. TSUTSUMI,a,b T. HOUTANI,a K. TOIDA,c M. KASE,a

T. YAMASHITA,b K. ISHIMURAc AND T. SUGIMOTOa*
aDepartment of Anatomy and Brain Science, Kansai Medical Univer-
sity, Moriguchi, Osaka 570-8506, Japan
bDepartment of Otolaryngology, Kansai Medical University, Moriguchi,
Osaka 570-8507, Japan
cDepartment of Anatomy and Cell Biology, Institute of Health Bio-
sciences, The University of Tokushima Graduate School, Kuramoto,
Tokushima, 770-8503, Japan

Abstract—Information to the cerebellum enters via many
afferent sources collectively known as precerebellar nuclei.
We investigated the distribution of cholinergic terminal-like
structures in the mouse precerebellar nuclei by immunohis-
tochemistry for vesicular acetylcholine transporter (VAChT).
VAChT is involved in acetylcholine transport into synaptic
vesicles and is regarded as a reliable marker for cholinergic
terminals and preterminal axons. In adult male mice, brains
were perfusion-fixed. Polyclonal antibodies for VAChT, im-
munoglobulin G-peroxidase and diaminobenzidine were
used for immunostaining. In the mouse brain, immunoreac-
tivity was seen in almost all major cholinergic cell groups
including brainstem motoneurons. In precerebellar nuclei,
the signal could be detected as diffusely beaded terminal-like
structures. It was seen heaviest in the pontine nuclei and
moderate in the pontine reticulotegmental nucleus; however,
it was seen less in the medial solitary nucleus, red nucleus,
lateral reticular nucleus, inferior olivary nucleus, external
cuneate nucleus and vestibular nuclear complex. In particu-
lar, VAChT-immunoreactive varicose fibers were so dense in
the pontine nuclei that detailed distribution was studied us-
ing three-dimensional reconstruction of the pontine nuclei.
VAChT-like immunoreactivity clustered predominantly in the
medial and ventral regions suggesting a unique regional dif-
ference of the cholinergic input. Electron microscopic obser-
vation in the pontine nuclei disclosed ultrastructural features
of VAChT-immunoreactive varicosities. The labeled bouton
makes a symmetrical synapse with unlabeled dendrites and
contains pleomorphic synaptic vesicles. To clarify the neu-
rons of origin of VAChT-immunoreactive terminals, VAChT
immunostaining combined with wheat germ agglutinin–con-
jugated horseradish peroxidase retrograde labeling was con-
ducted by injecting a retrograde tracer into the right pontine
nuclei. Double-labeled neurons were seen bilaterally in the
laterodorsal tegmental nucleus and pedunculopontine teg-
mental nucleus. It is assumed that mesopontine cholinergic
neurons negatively regulate neocortico-ponto-cerebellar pro-
jections at the level of pontine nuclei. © 2007 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: precerebellar nuclei, cholinergic modulation,
pontocerebellar fibers, pedunculopontine tegmental nu-
cleus, laterodorsal tegmental nucleus, cholinergic syn-
apse.

The pontine nuclei convey neocortical input to the cer-
ebellum and represent major precerebellar nuclei that
send mossy fibers toward widespread areas of the cer-
ebellar cortex (Ruigrok, 2004). Besides neocortical af-
ferents, the pontine nuclei receive afferents from the
tectum and cerebellar nuclei (Ruigrok, 2004). The pontine
nuclei also receive cholinergic afferents that originate in
the mesopontine tegmentum comprising the pedunculo-
pontine tegmental nucleus (Ch5) and the laterodorsal teg-
mental nucleus (Ch6) (Woolf and Butcher, 1989; Aas et al.,
1990; Butcher and Woolf, 2004; Winn, 2006). According to
Aas et al. (1990), these cholinergic pontine afferents may
modulate major cerebellar afferent information in accor-
dance with the behavioral state of the subject. At present,
however, little is known about the principal organization
and functional aspects of these cholinergic pontine affer-
ents.

Vesicular acetylcholine transporter (VAChT) is synthe-
sized in major cholinergic neurons (Schafer et al., 1994;
Erickson et al., 1994; Roghani et al., 1994, 1996; Usdin et
al., 1995). It is involved in acetylcholine transport into
synaptic vesicles and is regarded as a reliable marker for
cholinergic terminals and preterminal axons. As a recently
developed immunostaining method for VAChT success-
fully visualized cholinergic terminal fields more clearly than
those employing antibodies for choline acetyltransferase
(Schafer et al., 1995, 1998; Gilmore et al., 1996; Weihe et
al., 1996; Arvidsson et al., 1997; Ichikawa et al., 1997;
Roghani et al., 1998), we tried to delineate VAChT-immu-
noreactive terminal fields in the mouse pontine nuclei and
numerically compared with the VAChT-immunoreactive
terminal fields found in major precerebellar nuclei. The
extent of pontine VAChT-immunoreactive terminal fields
was mapped and analyzed using three-dimensional recon-
struction. Further, VAChT-immunoreactive axon terminals
were characterized by immunoelectron microscopy. These
results suggest that mesopontine cholinergic neurons
send massive afferents to widespread areas of the pontine
nuclei and that they exert inhibitory control on pontine
neurons. It is assumed that mesopontine cholinergic neu-
rons negatively regulate neocortico-ponto-cerebellar pro-
jections at the level of pontine nuclei.

*Corresponding author. Tel: �81-6-6993-9420; fax: �81-6-6995-2708.
E-mail address: sugimoto@takii.kmu.ac.jp (T. Sugimoto).
Abbreviations: HRP, horseradish peroxidase; VAChT, vesicular ace-
tylcholine transporter; WGA-HRP, wheat germ agglutinin–conjugated
horseradish peroxidase.
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EXPERIMENTAL PROCEDURES

Animals and preparation of tissue section

All experiments were performed in compliance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 80-23, revised 1996) and the
Kansai Medical University local guidelines for animal experi-
mentation; every effort was made to minimize the number of
animals used and their suffering. The ddY mice (male, ranging
from 8 to 10 weeks old) were used in this study. The animals
were deeply anesthetized with 5% ketamine and 2% xylazine
(2:1 vol., 0.1 ml/animal, i.m.) and were perfused transcardially
with 50 ml of a fixative containing 4% paraformaldehyde in
0.1 M sodium phosphate buffer, pH 7.4. The brain was dis-
sected out and stored overnight in sodium phosphate buffer
containing 25% sucrose. The brain was frozen and sliced into
coronal sections of 40-�m thickness on a freezing microtome.

Immunohistochemistry

Sections were incubated with goat anti-VAChT polyclonal anti-
body (sc-7717; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA; 1:500 dilution). According to the manufacturer’s datasheet,
this antibody was raised against a peptide corresponding to the
amino-terminal region of VAChT of human origin, and it was
shown by Western blot analysis to recognize VAChT in mouse
brain. After being rinsed in phosphate-buffered 0.9% saline, the
tissue sections were incubated with horse anti-goat immunoglob-
ulin G (H�L)–horseradish peroxidase (HRP) conjugate (Bio-Rad
Japan, Tokyo, Japan; 1:200 dilution) in 0.1% Triton X-100/0.1 M
phosphate-buffered 0.9% saline for 60 min. The peroxidase reac-
tion was developed in 50 mM Tris, pH 7.3, containing 0.02%
diaminobenzidine and 0.003% H2O2 until a dark brown reaction
product was evident. The sections were mounted onto gelatin-
coated glass slides. They were defatted with ethanol and xylene,

embedded with balsam Canada and examined with an Eclipse
E800M light microscope (Nikon, Tokyo, Japan) under bright-field
illumination. To illustrate the detailed distribution of VAChT-immu-
noreactive varicose fibers in the basilar pons, low-power photomi-
crographs were prepared from serial sections. The nuclear bound-
aries were traced on the photomicrographs. VAChT-immunoreac-
tive fibers were traced using a drawing tube. The resulting line
drawings were retraced and edited with Adobe Illustrator CS2.
The nomenclature of the precerebellar nuclei and related fiber
systems was referred to according to Paxinos and Franklin (2001).

As controls, the sections were reacted with preabsorbed anti-
VAChT antibody (1:500 dilution). For these purposes, the antibody
was reacted with an excess amount of its antigenic peptide sc-
7717p (Santa Cruz; derived from the amino-terminal region of
human VAChT).

Analysis of images

The density of VAChT-immunoreactive terminal-like varicosities
and beaded fibers was measured in pre-cerebellar nuclei by cap-
turing photomicrographic images on Photoshop 6.0. The image
files were then analyzed on NIH Image 1.62. The signal density
(percent signal pixel/area pixel) was converted to gray-scale val-
ues by adjusting the white balance on the non-tissue area. Black
sample spots served as the maximal limit of signal intensity for the
calibration of gray-scale values. Signal density was measured at
five sites of each precerebellar nucleus and displayed in a graph
(Fig. 3) by averaging the gray-scale values obtained.

Image files of 10 line drawings (Fig. 4) that represent every
other section through the pontine nuclei and pontine reticuloteg-
mental nucleus were converted to stacks of images with NIH
Image 1.62. By rotating the stacks, the regional distribution of
VAChT-immunoreactive fibers was studied in the three-dimen-
sional reconstruction of all sections through the pontine nuclei
(Fig. 5).

Fig. 1. Photomicrograph showing a wide distribution of VAChT-immunoreactive varicose fibers in the ventromedial region of the pontine nuclei. Scale
bar�50 �m.
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Electron microscopic immunohistochemistry

The present immuno-electron microscopy was performed as in
Toida et al. (2000). For ultrastructural studies, mice were perfused
with 50 ml of 0.1 M phosphate buffer, pH 7.4, containing 4%
paraformaldehyde. Transverse sections through the pontine nu-
clei were prepared and rinsed in 0.1 M phosphate buffer. For
pre-embedding immunohistochemistry, they were then incubated
with goat anti-VAChT antibody and HRP-conjugated anti-goat
immunoglobulin G essentially as described above. Following HRP
reaction with diaminobenzidine, sections were refixed in 3% glu-
taraldehyde for two more hours. The sections were postfixed with
1% OsO4, stained en bloc in 1% uranyl acetate, dehydrated, and
flat-embedded in Epon between a glass slide and coverslip, both
of which were precoated with liquid releasing agent (EMS Inc.,
Hatfield, PA, USA; #70880). After identification of VAChT-immu-

noreactive elements by light microscopy, Epon-embedded sec-
tions were removed and remounted on epoxy cylinder. Serial
ultrathin sections were prepared from several parts of the pontine
nuclei. These sections were stained with lead citrate and were
examined with an electron microscope (JEOL 1200EXII; JEOL,
Akishima, Tokyo, Japan).

VAChT immunostaining combined with WGA-HRP
retrograde labeling of neurons sending axons
to the pontine nuclei

Mice (n�3) were anesthetized with i.p. sodium pentobarbital
(40 mg/kg), and wheat germ agglutinin–conjugated horseradish
peroxidase (WGA-HRP; Toyobo, Osaka, Japan; 3 �g in 0.3 �l
distilled water) was injected stereotaxically into the pontine nuclei
in accordance with the stereotaxic atlas (Paxinos and Franklin,

Fig. 2. Photomicrographs showing VAChT-immunoreactive varicose fibers in the precerebellar nuclei and interpeduncular nucleus. (a) Interpedun-
cular nucleus. (b) Pontine nuclei. (c) Pontine nuclei (absorption control). Absorption of antibody with the antigen peptide led to the absence of
immunoreactivity. (d) Anterior interpositus nucleus. (e) External cuneate nucleus. (f) Inferior olivary nucleus principal lamella. (g) Lateral reticular
nucleus. (h) Lateral vestibular nucleus. (i) Medial vestibular nucleus. (j) Red nucleus parvocellular part. (k) Pontine reticulotegmental nucleus. (l) Medial
solitary nucleus. Scale bar�30 �m.
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2001). The injection was made manually by pressure through a
glass micropipette attached to 1 �l Hamilton microsyringe. After
3-day survival, animals were reanesthetized deeply with pento-
barbital, and perfused intracardially with 50 ml of 4% paraformal-
dehyde in 0.1 M sodium phosphate buffer (pH 7.4). The brain was
removed and immersed overnight in 25% sucrose dissolved in
0.1 M sodium phosphate buffer (pH 7.4). The brain was then
frozen on a sliding microtome and cut into frontal sections of
40-�m thickness. For WGA-HRP histochemistry, the sections
were processed with 0.05% diaminobenzidine tetrahydrochloride
and 0.01% hydrogen peroxide in 0.1 M sodium phosphate buffer–
0.9% saline (pH 7.4). The color of the reaction product was
intensified with cobalt chloride and nickel ammonium sulfate until
a blue–black reaction product was evident (Adams, 1981). Next,
the sections were rinsed intensely in phosphate-buffered 0.9%
saline and immunostained for VAChT. The secondary immuno-
globulin-conjugated HRP was reacted for brown color with 0.02%
diaminobenzidine tetrahydrochloride and 0.003% hydrogen per-
oxide in 50 mM Tris hydrochloride (pH 7.4).

RESULTS

Preferential distribution of VAChT-immunoreactive
varicose fibers in some precerebellar nuclei

The precerebellar nuclei examined in this study were the
pontine nuclei, anterior interpositus nucleus, external cu-
neate nucleus, inferior olivary nucleus principal lamella,
lateral reticular nucleus, lateral vestibular nucleus, medial
vestibular nucleus, red nucleus parvocellular part, pontine
reticulotegmental nucleus and medial solitary nucleus. In
all precerebellar nuclei, immunoreactive material for VAChT
was localized to varicose fibers, but not to cell bodies. The
varicose fibers were particularly dense in the pontine nu-
clei (Figs. 1, 2b). They were moderately accumulated in
the pontine reticulotegmental nucleus (Fig. 2k) and were
far less numerous in the remaining nuclei (Fig. 2d–j, l). In
the brain sites known to receive massive cholinergic fibers
such as the interpeduncular nucleus, VAChT-like immuno-
reactivity was highly expressed in varicosities (Fig. 2a).
The absorption of anti-VAChT antibody with excess anti-
gen resulted in the abolishment of VAChT-like immunore-
activity in the terminal fields (Fig. 2b, c).

Measurement of the signal density of
VAChT-immunoreactive varicose fibers
in the precerebellar nuclei

The density of VAChT-immunoreactive varicose fibers was
compared in these precerebellar nuclei by calculating the
percent areas of immunoreactive elements (Fig. 3). Signal
density was measured in five subregions and averaged.
The values for the pontine nuclei and pontine reticuloteg-
mental nucleus were 3.6 and 2.1, respectively. The other
components of the precerebellar nuclei showed values
less than 1.0. On the other hand, the value for the inter-
peduncular nucleus was 7.9, which is 2.2-fold higher than
the pontine nuclei.

VAChT-immunoreactive varicose fibers in the
pontine nuclei and pontine reticulotegmental nucleus

The regional distribution of VAChT-immunoreactive vari-
cose fibers was examined in the pontine nuclei and pontine

reticulotegmental nucleus, both of which harbor high to
moderate densities of VAChT-immunoreactive varicose fi-
bers (Fig. 4). Line drawings of the pontine nuclei and
pontine reticulotegmental nucleus showed that VAChT-
immunoreactive fibers are distributed throughout the ros-
trocaudal extent. In the pontine nuclei, these varicose fi-
bers accumulated in the medial, ventral and lateral re-
gions, and tend to spare the peripeduncular region. In the
pontine reticulotegmental nucleus, these fibers were abun-
dant in the medial and dorsomedial regions.

Three-dimensional reconstruction of cross-sections
through the pontine nuclei

Three-dimensional reconstruction further showed the re-
gional distribution of VAChT-immunoreactive varicose fi-
bers in the pontine nuclei and pontine reticulotegmental
nucleus (Fig. 5). The clusters of VAChT-immunoreactive
varicose fibers were by far greatest in the pontine nuclei
compared with the pontine reticulotegmental nucleus. In
the pontine nuclei, these clusters were predominant in the
medial and ventral regions; however, they were less nu-
merous in the peripeduncular regions. In the pontine reti-
culotegmental nucleus, these clusters were prominent in
the medial region.

VAChT-immunoreactive axon terminals

Electron micrographs obtained by pre-embedding immuno-
staining showed the robust immunolocalization of VAChT in
presynaptic elements in the pontine nuclei (Fig. 6). Small

Fig. 3. Density of VAChT-immunoreactive varicose fibers in precer-
ebellar nuclei. In each precerebellar nucleus, signal density was mea-
sured at five subregions and averaged. The highest value (3.6) was
obtained from pontine nuclei. The value for the interpeduncular nu-
cleus (Fig. 2a), a site harboring the densest cholinergic fibers in the
brain, was 7.9. This value is 2.2-fold higher than for pontine nuclei and
it represents the upper limit of signal density in this measurement.
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Fig. 4. Line drawings of VAChT-immunoreactive varicose fibers in the pontine nuclei and pontine reticulotegmental nucleus. These drawings,
arranged from rostral (a) to caudal (l), represent every other section. VAChT-immunoreactive varicose fibers are distributed throughout the
rostrocaudal extent of the pontine nuclei. They are accumulated in the medial, ventral and lateral regions, and tend to spare the peripeduncular region
of the pontine nuclei. In the pontine reticulotegmental nucleus, they are abundant in medial and dorsomedial regions. In all illustrations, VAChT-
immunoreactive varicose fibers are plotted only in pontine nuclei and the pontine reticulotegmental nucleus. cp, cerebral peduncle; lfp, longitudinal
fasciculus of the pons; ll, lateral lemniscus; mcp, middle cerebellar peduncle; ml, medial lemniscus; RPO, rostral periolivary region; RtTg, pontine
reticulotegmental nucleus; VLL, ventral nucleus of the lateral lemniscus. Scale bar�500 �m.
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varicosities containing a collection of VAChT-immunoreac-
tive vesicular products were observed near the dendritic
shafts of pontine nuclei neurons. Boutons of VAChT-im-
munoreactive axons formed symmetrical contacts prefer-
entially with the dendrites. These boutons frequently showed
the local accumulation of pleomorphic synaptic vesicles
close to the presynaptic membrane.

VAChT immunostaining combined with WGA-HRP
retrograde labeling of neurons sending axons
to the pontine nuclei

In three mice, in which WGA-HRP was injected unilaterally
into the right pontine nuclei, the deposits of the tracer were
more or less centered on the pontine nuclei covering areas
including the longitudinal fasciculus of the pons, middle
cerebellar peduncle and small portions of the overlying
reticular formation (Fig. 7a). In all animals, double-labeled
neurons were seen bilaterally in the laterodorsal tegmental
nucleus (Fig. 7b, e, f) and pedunculopontine tegmental
nucleus (Fig. 7c, d, g, h); those distributed on the left side

are no less numerous than on the right side. Double-
labeled neurons occurring bilaterally in the laterodorsal
tegmental nucleus appeared similar in frequency to those
in the pedunculopontine tegmental nucleus. In other brain
and spinal cord areas harboring typical cholinergic cell
groups, however, no double-labeled neurons could be de-
tected. Single WGA-HRP-labeled neurons were found in
several sites including the cerebral cortex and midbrain
tegmentum. These neurons were seen preferentially on
the side ipsilateral to the injection.

DISCUSSION

Symmetrical synapse

Previous immunolocalization studies revealed the pres-
ence of many cell bodies and terminal fields immunoposi-
tive for VAChT in the brainstem (Gilmore et al., 1996;
Weihe et al., 1996; Arvidsson et al., 1997; Ichikawa et al.,
1997; Schafer et al., 1998; Roghani et al., 1998). Prefer-
ential accumulation of VAChT-immunoreactive fibers was

Fig. 5. Three-dimensional reconstruction of VAChT-immunoreactive varicose fibers. Stacks of images display the regional accumulation of VAChT-
immunoreactive varicose fibers in the pontine nuclei and pontine reticulotegmental nucleus (dots in color). The image is based on line drawings of the
basilar pons (Fig. 4) and viewed aslant from rostral to caudal as indicated in the inset (arrow). Scale bar�500 �m.
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noted in the pontine nuclei (Gilmore et al., 1996; Arvidsson
et al., 1997; Schafer et al., 1998).

The present results suggest that mesopontine cholin-
ergic neurons send massive afferents to widespread areas
of the pontine nuclei and that they exert inhibitory control
on pontine neurons. In an electron microscopic study that
revealed the morphological correlation of the autoregula-
tion of mesopontine cholinergic neurons, Garzon and
Pickel (2000) pointed out symmetrical synapse as a dom-
inant type of VAChT-immunoreactive axon terminals in
the pedunculopontine tegmental nucleus and laterodorsal
tegmental nucleus. Gilmore et al. (1996) reported that
VAChT-immunoreactive axon terminals in the caudate pu-
tamen, dentate gyrus and facial nucleus form symmetrical
synapses with dendrites or somata or both. Koch et al.
(1993) reported the inhibitory nature of cholinergic projec-
tions originating from the pedunculopontine tegmental nu-
cleus to the caudal pontine reticular nucleus in a pharma-
cophysiological study on the acoustic startle response in
rats. Prado et al. (2006) developed VAChT knockdown
mice that show a notable decrease in VAChT protein ex-
pression. The authors observed severe impairment of per-
formance in cognitive tasks involving object and social
recognition in these mutant mice. Lai and Siegel (1990)
showed in decerebrate cats that electrical stimulation of

the pedunculopontine tegmental nucleus leads to the inhi-
bition of muscle tone that takes place bilaterally with short
latency. If this suppression originates selectively in the
pedunculopontine tegmental nucleus neurons projecting to
the pontine nuclei, it can be hypothesized that activation of
the pedunculopontine tegmental nucleus neurons specifi-
cally suppressed the activity of the pontocerebellar mossy
fiber system involved in the regulation of muscle tone and
posture.

Diversity of corticopontine projections

In this study, the extent of pontine VAChT-immunoreactive
terminal fields was mapped and analyzed using three-
dimensional reconstruction. VAChT-like immunoreactivity
was unevenly distributed in subnuclear divisions suggest-
ing a unique regional difference of the cholinergic input.
Brodal and Bjaalie (1997) stated that corticopontine pro-
jections are patchy and diverse. In a recent study, Perales
et al. (2006) showed that auditory corticopontine projec-
tions diverge strongly throughout the pontine nuclei. Both
the terminal fields of corticopontine projections and the
neuron pools of pontocerebellar projections toward each
cerebellar folium are arranged in a lamellar pattern (Brodal
and Bjaalie, 1997). Further studies of pontine cholinergic

Fig. 6. Electron micrographs showing VAChT-immunoreactive elements in pontine nuclei by pre-embedding immunohistochemistry. (a) VAChT-
immunoreactive varicosities are connected (arrow). Scale bar�0.5 �m. (b) VAChT-immunoreactive axon terminal (Ax) makes axo-dendritic synapse.
Scale bar�0.5 �m. (c) Enlargement of panel b showing detailed features of the synapse. VAChT-immunoreactive Ax contains pleomorphic synaptic
vesicles, and forms symmetrical synapse (arrowheads). Scale bar�0.1 �m.
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afferents combined with cortical topography will reveal the
functional significance of diverse projections.

Muscarinic receptor

The pontine nuclei are shown to represent a site with high
levels of muscarinic cholinergic receptors by studies using

in vivo receptor binding (Frey et al., 1985) and in vitro
receptor binding in rats (Rotter et al., 1979; Wamsley et al.,
1981; Rotter, 1984) and humans (Cortes et al., 1984). By
contrast, the levels of muscarinic receptors in the inferior
olive and several other precerebellar nuclei remain low or
negligible (Rotter, 1984). Rotter et al. (1979) examined the

Fig. 7. VAChT immunostaining combined with WGA-HRP retrograde labeling of neurons sending axons to pontine nuclei. WGA-HRP reaction product
is displayed as blue–black and VAChT-immunoreactive material appears brown. (a) WGA-HRP injections centered on the right pontine nuclei.
(b) Laterodorsal tegmental nucleus. Many VAChT-immunoreactive neurons are seen bilaterally. (c, d) Pedunculopontine tegmental nucleus. Many
VAChT-immunoreactive neurons are seen on the left (c) and right (d). (e, f) Enlarged view of the left (e) and right (f) laterodorsal tegmental nucleus,
both of which are shown in panel b, displaying double-labeled neurons (solid arrow) among single VAChT-immunoreactive neurons (open arrow). (g, h)
Enlarged views of the left (g) and right (h) pedunculopontine tegmental nucleus, which correspond to panels c and d, respectively. Double-labeled
neurons (solid arrow) are seen among single VAChT-immunoreactive neurons (open arrow). Scale bar�1.2 mm (a), 500 �m (b), 200 �m (c, d) and
50 �m (e–h).
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reaction of muscarinic receptors in the pontine nuclei to
axotomy and deafferentation. In particular, destruction of
the neocortical afferents caused no long-lasting changes in
the density or distribution of the pontine muscarinic recep-
tors. This indicates that muscarinic receptors are not lo-
cated on the presynaptic terminals of the corticopontine
axons.

According to Levey et al. (1991, 1994), m2 and m3
muscarinic receptors are enriched in the pontine nuclei as
well as the mesopontine tegmentum including the pedun-
culopontine tegmental nucleus and laterodorsal tegmental
nucleus. In situ hybridization study showed the distinct
localization of mRNAs for m2 and m3 receptor proteins in
the pontine nuclei (Buckley et al., 1988). Binding autora-
diography revealed that M2 and M3 receptors are present
at high levels in the pontine nuclei (Spencer et al., 1986;
Levey et al., 1994). From our results, it is assumed that
mesopontine cholinergic neurons negatively regulate neo-
cortico-ponto-cerebellar projections via the activation of
these muscarinic receptors at the level of pontine nuclei.
Interestingly, M2 muscarinic receptor subtype has been
shown to play a key role in the pathogenesis of tremor as
revealed by the observation of pharmacologic deficits of
M2 muscarinic cholinergic receptor knockout mice (Go-
meza et al., 1999; Wess, 2004).

CONCLUSION

We showed: 1) that, of mouse precerebellar nuclei, VAChT-
immunoreactive terminal-like structures were seen heavi-
est in the pontine nuclei, clustering predominantly in the
medial and ventral regions, 2) that VAChT-immunoreactive
axon terminals observed in the pontine nuclei made sym-
metrical synapses with unlabeled dendrites and contained
pleomorphic synaptic vesicles, and 3) that these axon-
terminal components were sent bilaterally by VAChT-im-
munoreactive neurons found in the laterodorsal tegmental
nucleus and pedunculopontine tegmental nucleus. This
study pointed out the presence of cholinergic neurons that
exert inhibitory control over the pontine nuclei.
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Abstract Laser microdissection (LMD) with subse-
quent reverse transcription-PCR analysis is a powerful
histochemical technique subserving the molecular char-
acterization of speciWc cell types. We developed an
eYcient method for selective sampling of speciWc cell
populations using immunohistochemistry coupled with
LMD. The cerebral cortex of adult rats was cut into
serial thin sections. Some sections were immunostained
for parvalbumin. The adjacent sections were mounted
on Cell Support Film for LMD and stained with neutral
red. By comparison of the two adjacent sections, neuro-
nal proWles representing parts of parvalbumin-immuno-
positive somata were identiWed in the neutral red-
stained sections. These neuronal proWles were safely
captured with LMD and analyzed on reverse transcrip-
tion-PCR using extracted RNA. The method presented
here can be applied to cell-type-speciWc characteriza-
tions using Wxed cells under RNase-free conditions.

Keywords Laser microdissection · 
Immunohistochemistry · Parvalbumin · 
Serial thin section

Introduction

Laser microdissection (LMD) is a reliable technique by
which single cells can be carved out using laser power

(Emmert-Buck et al. 1996; Luo et al. 1999). The
method using immunohistochemistry coupled with
LMD (immuno-LMD) enables selective sampling of
immunopositive cells for RNA extraction (Fend et al.
1999; Fend and RaVeld 2000; Fink et al. 2000; Mura-
kami et al. 2000; Jin et al. 2001; Walch et al. 2001;
Bi et al. 2002; Vincent et al. 2002; Burbach et al. 2004;
Lu et al. 2005). Immunohistochemistry has gained
popularity for the exact localization and analysis of the
morphology of cells in the brain. An important recent
application is the possibility of carrying out gene analyses
on immunohistochemically identiWed cells. For this
purpose, an eYcient technique for collecting immuno-
stained cells is required. However, RNA degradation
is inevitable through the procedures of blocking,
antibody incubation and color reaction largely due
to RNase activity in the solutions for immunostaining
(Kohda et al. 2000). Although some protocols have
been proposed to counteract RNA degradation (New-
ton et al. 2002; Mojsilovic-Petrovic et al. 2004), com-
plete exclusion of RNase activity is diYcult. The
avoidance of RNA degradation during immunostain-
ing procedures is one of the major problems in
immuno-LMD (Fend and RaVeld 2000).

In this study, we propose a novel strategy to extract
RNA from immunohistochemically identiWed neu-
rons. In a Wrst step, serial thin sections of rat brain were
prepared with a cryostat. One section was immuno-
stained according to any conventional protocol and the
adjacent section was simply stained with neutral red.
Such pairs of serially adjacent thin sections were care-
fully compared. In neutral red-stained sections, neuro-
nal proWles representing parts of immunopositive
neuronal cell bodies were identiWed and subjected to
LMD. Thus, we successfully localized parvalbumin
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neurons without immunohistochemical processing.
Neuronal RNA could subsequently be extracted with-
out appreciable contamination of exogenous RNase.

Materials and methods

All experiments were performed in compliance with
the NIH guidelines for the care and use of laboratory
animals. Five male Sprague-Dawley rats (8 weeks old)
weighing 200 g were used in this study. The animals
were deeply anesthetized with intraperitoneal sodium
pentobarbital (50 mg/kg) and perfused transcardially
with 300 ml of Wxative containing 2% paraformalde-
hyde in phosphate buVer, pH 7.4. The brain was imme-
diately removed and stored overnight in phosphate
buVer containing 25% sucrose at 4°C. The occipital
cortex was removed from the Wxed brain, embedded in
OCT compound (Sakura, Torrance, CA, USA) and
stored at –80°C. With close attention to avoid tissue
distortion, the cortex was cut on a cryostat into serial
coronal sections of 4 �m thickness. The tissue sections
for immunohistochemistry were mounted on gelatin-
coated slides and those for LMD were mounted on
Cell Support Film (Clonis Cell Support Kit, Carl-Zeiss
Cell Science, Tokyo, Japan).

For immunodetection, the sections were incubated
overnight with mouse monoclonal anti-parvalbumin
antibody (1/5,000: Swant McAB235, Bellinzona, Swit-
zerland) at room temperature in a moist chamber after
blocking with 2% normal goat serum for 30 min (Celio
and Heizmann 1981; Celio 1986; Celio et al. 1988), and
then with goat anti-mouse immunoglobulin G (H + L)-
HRP conjugate (1:200 dilution: Bio-Rad, Hercules,
CA, USA) for 2 h. Parvalbumin immunoreactivity was
visualized through color reaction using diaminobenzi-
dine. Finally, the sections were lightly counterstained
with cresyl violet, embedded in Bioleit (Koken, Tokyo,
Japan) and coverslipped (Fig. 1a).

Adjacent sections on Cell Support Film for LMD
were stained with neutral red for 1 min at room tem-
perature. After brief rinsing in water, they were soaked
in 70% ethanol for 5–10 s and air-dried (Fig. 1b). All
processes were performed in RNase-free solution.
When not used immediately, these sections were con-
served in a deep freezer at –80°C.

We captured images from both immunostained and
adjacent LMD sections by a digital camera mounted on
a Nikon Eclipse microscope. These images were com-
pared in detail and proWles that represented neuronal
cell bodies shown to be immunopositive on immuno-
stained sections were identiWed in adjacent LMD

Fig. 1 Determination and 
carving of target neurons for 
LMD. a Parvalbumin immu-
nostaining and cresyl violet 
counterstaining. Tissue is tak-
en from rat occipital cortex. 
b Neutral red staining of the 
adjacent section. Arrows, 
parvalbumin-immunoposi-
tive neurons (a) and their cor-
responding neurons (b). Scale 
bar = 100 �m (a, b). The sec-
tion in b was not coverslipped. 
c Target neurons carved out 
by laser power. I–VI, cortical 
layers. d Captured target neu-
rons on Cell Support Film. 
Scale bar = 250 �m (c), 
100 �m (d)
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sections (Fig. 1a, b). Approximately two-thirds of the
immunopositive neurons could be subjected to LMD.

In advance, we performed a preliminary experiment
to conWrm the accurate correspondence of the localiza-
tion of the two parts of parvalbumin-immunoreactive
neurons contained in serially adjacent sections. Two
sequential sections were simultaneously immuno-
stained and counterstained as described above, and it
was conWrmed that individual immunopositive neurons
could be correctly identiWed in both sections (Fig. 2).

In LMD sections, 120 neuronal somata identiWed as
parvalbumin immunopositive by comparison with the
immunoreacted adjacent section were chosen. They
were carved out with laser power using Clonis (Carl-
Zeiss Cell Science, Tokyo, Japan) and collected at
room temperature (Fig. 1c, d). For control purposes,
neuronal somata identiWed as parvalbumin immuno-
negative (n = 120) were captured with Clonis. These
two samples of captured cells were then analyzed by
reverse transcription-PCR as described below. The
number of neuronal somata chosen per sample was
estimated as suYcient for PCR analysis of the sample
according to quantitative gene expression analysis
(Specht et al. 2001).

We also tested if PCR could work properly for corti-
cal neurons immunostained for parvalbumin. For these
purposes, parvalbumin immunostaining was carried
out as described above using thin sections mounted
on Cell Support Film for LMD. Parvalbumin-immuno-
positive neuronal somata (n = 120) were captured with
Clonis and subjected to reverse transcription-PCR.

All sample cells were transferred into Eppendorf
tubes containing 200 �l buVer (0.1 M Tris-HCl, pH 8.0,
0.2 M NaCl) with proteinase K (500 �g/ml; Sigma,
Tokyo, Japan) and incubated at 45°C for 90 min fol-
lowing brief vortex mixing (Masuda et al. 1999). The
lysates were incubated with 500 �l Trizol reagent (Invi-
trogen, Carlsbad, CA, USA) and treated according to
the manufacturer’s protocol for RNA extraction. The

resulting RNA pellet was precipitated with 2-propanol,
redissolved in RNase-free water and treated with
DNase I (Invitrogen) to eliminate genomic DNA
(37°C, 30 min). Total RNA was reverse-transcribed
using SuperScript II reverse transcriptase (Invitrogen)
and oligo-dT primer (42°C, 60 min).

Parvalbumin cDNA and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) cDNA were ampli-
Wed by PCR as described previously (Houtani et al.
2005). BrieXy, PCR was performed using a 20 �l vol-
ume with Eppendorf Mastercycler Gradient (parval-
bumin: 95°C 10 s, 68°C 20 s, 72°C 30 s, 40 cycles;
GAPDH: 95°C 10 s, 60°C 20 s, 72°C 30 s, 45 cycles)
using Extaq HS (Takara, Ohtsu, Japan) and primers
(parvalbumin: 5�-AAA CAA AGA CGC TGA TGG
CTG CTG G-3� and 5�-GGT GTC ATT CGA GGG
CCA TAA AGG A-3�; GAPDH: 5�-CCC TCA AGA
TTG TCA GCA ATG C-3� and 5�-GTC CTC AGT
GTA GCC CAG GAT-3�). The primer pairs for parv-
albumin were set on diVerent exons. The ampliWcation
products were visualized by agarose gel electrophoresis
with ethidium bromide.

The LMD and reverse transcription-PCR studies
described above were carried out in one rat and
repeated four times using other rats. For sampling
neuronal somata, 10–20 pairs of serially adjacent thin
sections were prepared from a rat brain. To detect
parvalbumin-immunopositive or -immunonegative neu-
rons, three pairs of adjacent sections were respectively
examined to Wnally collect 120 neuronal somata from
the LMD sections. To harvest immunostained neuro-
nal somata for PCR, three additional LMD sections
were immunostained and viewed to collect 120 immu-
nopositive neuronal somata. Accordingly, 120 neuro-
nal somata were pooled in a tube and subjected to
reverse transcription. Subsequently, aliquots of the
sample were analyzed on PCR, and it was calculated
that three neuronal somata on average were examined
per lane of the PCR gel.

Fig. 2 Correspondence of 
neurons between serial thin 
sections. a, b The same parval-
bumin-immunopositive neu-
rons (white arrows) identiWed 
on adjacent sections. Digital 
photo images of these sections 
are color-displayed in red and 
sky blue and then merged. 
c Correspondence of neurons 
in serially adjacent sections. 
Scale bar = 50 �m
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Results and discussion

Many immunopositive neurons were seen in serially
adjacent sections (Fig. 1). In the preliminary experi-
ment, it was shown that serially adjacent thin sections
could be used for identifying the same neurons by care-
ful comparison of the sections. Fortunately, our tissue
sections were free from serious tissue distortion
(Fig. 2). The target neurons could be easily carved out
and selectively collected by LMD (Fig. 1c, d).

The PCR studies yielded similar results with the
material from Wve rats, showing that PCR products
with a length of 228 bp (Fig. 3a, lane S1) and 410 bp
(Fig. 3b, lanes S1 and S2) were ampliWed. This demon-
strates that parvalbumin-immunopositive neurons
provided cDNA pools manifesting parvalbumin
phenotype (228 bp; Fig. 3a, lane S1). On the other
hand, analysis of the PCR gel showed the absence of
PCR-ampliWed product (228 bp) from parvalbumin-
immunonegative neurons (Fig. 3a, lane S2) and parval-
bumin-immunopositive neurons directly taken from
immunostained sections (Fig. 3a, lane S3). PCR-ampli-
Wed product for GAPDH (410 bp) was evident in cells
taken from neutral red-stained adjacent sections
(Fig. 3b, lanes S1 and S2) and absent from cells derived
from immunostained sections (Fig. 3b, lane S3) sug-
gesting that neutral red-stained sections, but not immuno-
stained sections, escape RNA degradation.

Combined with immunolocalization of axoterminal
transmitters, such cDNA pools can be further applied to
single cell analysis of transmitter–receptor mismatch
problems. Previous studies on the immuno-LMD method

devised several modiWcations of the immunostaining pro-
cedures to minimize the inXuence of RNase, including
the use of Xuorescent antibody, skipping the blocking
process, increasing the concentration of primary and sec-
ondary antibodies, shortening the incubation time in the
antibody solution, incubating under low temperature,
and adding RNase inhibitor and solutions using DEPC-
treated water (Fink et al. 2000; Kohda et al. 2000; Mura-
kami et al. 2000; Vincent et al. 2002; Burbach et al. 2004;
Mojsilovic-Petrovic et al. 2004; Ghosh et al. 2005). In this
study, we developed an alternative immuno-LMD tech-
nique in which LMD can be combined with a variety of
immunostaining procedures. Our technique enabled
ordinary blocking and long antibody incubation under
room temperature; moreover, the color reaction using
any chromogen could be performed routinely.

Some Wxatives signiWcantly aVect the integrity of
extracted RNA as well as RNase activity (Goldsworthy
et al. 1999; Walch et al. 2001; Srinivasan et al. 2002;
Kihara et al. 2005); therefore, it is important to opti-
mize Wxation procedures in immuno-LMD. Our tech-
nique is applicable to several Wxation procedures
provided that serial thin sections can be made without
serious tissue distortion.
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Behavioral/Systems/Cognitive

Reward-Dependent Modulation of Neuronal Activity in the
Primate Dorsal Raphe Nucleus

Kae Nakamura, Masayuki Matsumoto, and Okihide Hikosaka
Laboratory of Sensorimotor Research, National Eye Institute–National Institutes of Health, Bethesda, Maryland 20892-4435

The dopamine system has been thought to play a central role in guiding behavior based on rewards. Recent pharmacological studies
suggest that another monoamine neurotransmitter, serotonin, is also involved in reward processing. To elucidate the functional rela-
tionship between serotonin neurons and dopamine neurons, we performed single-unit recording in the dorsal raphe nucleus (DRN), a
major source of serotonin, and the substantia nigra pars compacta, a major source of dopamine, while monkeys performed saccade tasks
in which the position of the target indicated the size of an upcoming reward. After target onset, but before reward delivery, the activity of
many DRN neurons was modulated tonically by the expected reward size with either large- or small-reward preference, whereas putative
dopamine neurons had phasic responses and only preferred large rewards. After reward delivery, the activity of DRN neurons was
modulated tonically by the received reward size with either large- or small-reward preference, whereas the activity of dopamine neurons
was not modulated except after the unexpected reversal of the position–reward contingency. Thus, DRN neurons encode the expected and
received rewards, whereas dopamine neurons encode the difference between the expected and received rewards. These results suggest
that the DRN, probably including serotonin neurons, signals the reward value associated with the current behavior.

Key words: serotonin; dopamine; raphe; saccade; primate; reinforcement; reward

Introduction
Many functions of the brain are modified by various kinds of
monoamine neurons. In particular, dopamine and serotonin ap-
pear to be the two major modulators of motivational and emo-
tional behaviors (for review, see Daw et al., 2002). The role of
dopamine is particularly clear because dopamine neurons in the
midbrain in and around the substantia pars compacta (SNc) are
excited by a reward or a sensory event that predict the reward,
either of which can change motivational or emotional states.
More specifically, the activity of the dopamine neurons encodes
the difference between the expected reward and the actual re-
ward, which is often called reward prediction error. This signal is
suggested to induce learning and modulate actions (Mirenowicz
and Schultz, 1994; Montague et al., 1996; Schultz et al., 1997;
Hollerman and Schultz, 1998; Schultz, 1998; Suri and Schultz,
1998).

Several lines of evidence suggest that serotonin is also related
to reward-related behaviors (Rogers et al., 1999; Daw et al., 2002;
Doya, 2002; Schweighofer et al., 2007), in addition to other func-
tions such as the sleep–wake cycle (McGinty and Harper, 1976;
Lydic et al., 1983; Guzman-Marin et al., 2000; Dugovic, 2001),
appetite (Curzon, 1990), locomotion (Jacobs and Fornal, 1993),

emotion and social behavior (Davidson et al., 2000; Graeff, 2004),
stress-coping behavior (Deakin, 1991; Graeff et al., 1996), and
learning and memory (Meneses, 1999). Notably, it has been pro-
posed that there are opponent interactions between dopamine
and serotonin (for review, see Kapur and Remington, 1996).
However, the physiological basis of the function of the serotonin
system in the cognitive and motivational behavior has not been
well understood. Electrophysiological studies of the raphe nuclei
have been focused mainly on sleep–wake cycle and motor behav-
ior (for review, see Jacobs and Fornal, 1993). Specifically, it is
unknown whether and how serotonin neurons in the raphe nu-
clei encode reward-related information.

In a series of studies using saccade tasks with a biased reward
schedule, we have shown that the activity of neurons in the cau-
date (Kawagoe et al., 1998; Lauwereyns et al., 2002) and the sub-
stantia nigra pars reticulata (SNr) (Sato and Hikosaka, 2002), as
well as putative dopamine neurons in SNc (Nakahara et al., 2004;
Takikawa et al., 2004), was modulated depending on the expected
reward. We also showed that the reward-dependent changes in
saccade behavior depended on the physiological dopamine re-
lease in the caudate (Nakamura and Hikosaka, 2006). Having
found that these tasks engage the basal ganglia and the dopamine
system, we hypothesized that they would also recruit the seroto-
nin system. We therefore recorded from the dorsal raphe nucleus
(DRN), the principal source of serotonergic innervations in the
basal ganglia (van der Kooy and Hattori, 1980; Imai et al., 1986;
Corvaja et al., 1993). As a comparison, we also recorded from
dopamine neurons using the same tasks in the same animals. We
found that neurons in the DRN relay signals related to cognitive
and motivational processes, but in a different manner from the
dopamine system.
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Materials and Methods
General. We used four hemispheres of two rhesus monkeys (Macaca
mulatta; laboratory designations: E, male; L, female). Both animals had
been implanted with scleral search coils for measuring eye position and a
post for holding the head. The recording chambers were placed over the
posterior cortices. All aspects of the behavioral experiment, including
presentation of stimuli, monitoring of eye movements, monitoring of
neuronal activity, and delivery of reward and electrical stimulation were
under the control of a QNX-based real-time experimentation data acqui-
sition system (REX; Laboratory of Sensorimotor Research, National Eye
Institute–National Institutes of Health, Bethesda, MD). Eye position was
monitored by means of a scleral search coil system with 1 ms resolution.
Stimuli generated by an active matrix liquid crystal display projector
(PJ550; ViewSonic, Walnut, CA) were rear-projected on a frontoparallel
screen 25 cm from the monkey’s eyes. On successful completion of each
trial, drops of water or juice were delivered as reward through a spigot
under control of a solenoid valve. Magnetic resonance images were ob-
tained to determine the position of the electrode. The activity of single
neurons was recorded using tungsten electrodes (Frederick Haer, Bow-
doinham, ME; diameter, 0.25 mm; 1–3 MÙ). The signal was amplified
with a bandpass filter (200 Hz to 5 kHz) (BAK, Mount Airy, MD) and
collected at 1 kHz via custom-made window discriminator (MEX). We
also collected spike wave form for each recorded neuron. All procedures
were approved by the Institutional Animal Care and Use Committee and
complied with Public Health Service Policy on the humane care and use
of laboratory animals.

Behavioral task. The animal performed a memory-guided saccade task
with a biased reward schedule [one-direction rewarded memory-guided
saccade task (1DR-MGS)] (see Fig. 1 A). The appearance of a central
fixation point (FP) (diameter, 0.6°) signaled the trial initiation. The
monkeys were required to fixate on the FP and maintain fixation within
a window of �3°. After fixation on the FP for 1000 –1500 ms (“fixation
period”), a cue indicating the future target position (diameter, 1.2°) was
presented for 100 ms either to the right or left 20° from the FP. The
position of the target was chosen pseudorandomly such that within every
“subblock” of four trials each of the two positions was chosen twice. The
monkey had to keep fixating on the FP for another 800 ms until the FP
went off. The disappearance of the FP was the cue for the monkey to
make a saccade toward the memorized cue position. A correct saccade
was signaled by the appearance of the target with a 100 ms delay. A liquid
reward was delivered with an additional 100 ms delay. If the monkey
broke fixation at any time during the fixation period or failed to make a
saccade to the cued position, the trial was determined to be an error, and
the same trial was repeated until a correct saccade occurred. The intertrial
interval, which started at the time of reward offset and lasted until FP
onset in the next trial, was 3 s.

The biased reward schedule was introduced in blocks (Kawagoe et al.,
1998). In one block of 20 –28 trials (10 –14 trials for each direction), the
amount of reward was always large (0.4 ml) for one direction of the target
and small (0 or 0.01 ml) for the other direction (for example, left, large
reward; right, small reward). In the next block, the position–reward con-
tingency was reversed (i.e., left, small; right, large). These two kinds of
blocks with opposite position–reward contingencies are called the left-
large and right-large blocks, and they were alternated two or three times
for each recording session (see Fig. 1C).

In a separate experiment, we also used a visually guided saccade task
[one-direction rewarded visually guided saccade task (1DR-VGS)] (see
Fig. 1 B). After fixation on the FP for 1200 ms (fixation period), the FP
disappeared and at the same time, the target (1.2°) appeared either to the
right or left 20° from the FP. The monkey then had to make a saccade to
the target immediately. The trial sequence and the reward schedule were
the same as those in 1DR-MGS.

We used both 1DR-MGS and 1DR-VGS tasks for 64 DRN neurons,
1DR-MGS only for 20 neurons, and 1DR-VGS only for 103 neurons in
two monkeys. For dopamine neuron recordings, we used only 1DR-VGS.

Mapping and recording of the DRN. The location of DRN was estimated
using magnetic resonance imaging and was later verified histologically
(see below). A recording chamber, which was angled 38° (monkey E) or

35° (monkey L) posteriorly, was implanted over the midline of the pari-
etal cortex to access the brainstem between the superior colliculi and the
inferior colliculi. For electrophysiological recordings, we used a grid sys-
tem (Crist et al., 1988). A stainless-steel guide tube (outer diameter, 0.6
mm; inner diameter, 0.35 mm) was inserted through a grid hole, and,
after penetrating the dura, it was lowered until its tip reached �7 mm
above the surface of the superior colliculi, which was estimated by mag-
netic resonance images. Through the guide tube, we inserted an electrode
to reach the DRN. The distance of the recording sites from the midline
was 1 or 1.5 mm. The anteroposterior extent of the recording sites was 2
mm, which corresponded to 6 – 8 mm anteriorly to the level of the ear
canals (Horsley–Clarke coordinates) in both monkeys.

The DRN is known to be a major source of serotonin neurons (Dahl-
strom and Fuxe, 1964; Leger et al., 2001). It has traditionally been ac-
cepted that DRN serotonin neurons spontaneously fire slowly and regu-
larly with broad spikes, whereas nonserotonin neurons generally fire
more rapidly and irregularly with narrow spikes (Aghajanian et al., 1978;
Sawyer et al., 1985; Jacobs and Fornal, 1991; Hajos et al., 1998). Recent
studies, however, report that serotonin neurons do not always differ
significantly from nonserotonin neurons in terms of these electrophysi-
ological features (Allers and Sharp, 2003; Kocsis et al., 2006). In this
report, therefore, rather than choosing neurons with specific electro-
physiological properties, we studied all well isolated neurons in the DRN
whose activity changed during saccade tasks.

To record from putative dopamine neurons, we searched in and
around the SNc. Dopamine neurons were identified by their irregular
and tonic firing around 5 spikes/s with broad spike potentials. In this
experiment, we focused on dopamine neurons that responded to reward-
predicting stimuli with a phasic excitation.

Histology. At the conclusion of the experiments, we made electrolytic
microlesions at selected recording sites in monkey L. The animal was
then deeply anesthetized with pentobarbital and perfused with 10%
formaldehyde. The brain was cut into 50 �m coronal sections and stained
with cresyl violet (see Fig. 1 D).

Data analysis. A neuron was judged to be task-related if there was a
statistical difference in its firing rate across the following seven task pe-
riods (Kruskal–Wallis, p � 0.007�0.05/7): fixation point onset to cue
(target) onset, 0 –200 ms after target onset, 700 – 0 ms before fixation
point offset (only for 1DR-MGS), 200 ms before to 200 ms after saccade,
and three postreward periods, which were 0 – 400, 400 –1200, and 1200 –
2000 ms after reward onset.

Because reward-related modulation of neuronal activity was found
mainly during a period after target onset (which indicated the size of an
upcoming reward) and during a period after reward delivery, we focused
our analysis on neuronal activity during the two task periods: (1) a 400
ms period after target onset, which we will call “prereward period,” and
(2) a 400 ms period starting 400 ms after reward onset, which we will call
“postreward period.” We analyzed the neuronal activity in each task
period using a two-way ANOVA [reward (large or small) by direction
(contralateral or ipsilateral target to the recording site)].

To examine changes in neuronal activity throughout the trial as a
whole, we computed a receiver operating characteristic (ROC) value
comparing the firing rate in a test window of 100 ms aligned with respect
to a task-related event (e.g., target onset) to the firing rate in a control
window of 400 ms before fixation onset. We repeated the ROC analysis
on consecutive overlapping test windows (advanced in 20 ms steps),
separately for the large-reward, small-reward, contraversive-saccade,
and ipsiversive-saccade trials (see Fig. 3A–D). Similarly, to examine the
changes in the reward and direction effects, we computed an ROC value
comparing the firing rates in the same test window of 100 ms between the
large- and small-reward trials (reward effects) (see Fig. 3E) and between
the contraversive- and ipsiversive-saccade trials (direction effects) (see
Fig. 3F ).

To examine the changes in the neuronal activity in the prereward and
postreward periods after the reversal of position–reward contingency, we
normalized the firing rate in each trial by the following: (the firing rate in
the trial � the mean firing rates across all trials)/(SD of the firing rate
across all trials). We performed this calculation for each direction of
saccades. Then we compared the firing rates for the ith (e.g., the first and
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second) trials before and after the contingency reversal with the firing
rates for the last five trials during the new block (Mann–Whitney U test,
p � 0.01) (see Fig. 8).

We characterized the physiological properties of recorded neurons by
(1) spike wave form, (2) baseline firing rate, and (3) irregularity of firing
pattern. The typical spike shape consisted of the following waves in order:
first, sharp negative; second, sharp positive; third, long-duration nega-
tive; fourth, long-duration positive. Thus, we measured the spike dura-
tion from the first sharp negative to the peak of the fourth, long-duration
positive deflection (Kocsis et al., 2006). It ranged from 1.0 to 3.7 ms
(mean, 2.2 ms; SD, 0.58 ms). Baseline firing rate is the mean firing rate
during 1000 ms before the onset of the fixation point on the first trial of

each experiment, because the activity during the
intertrial interval was often modulated tonically
after the delivery of reward in the preceding trial.
Finally, to quantify irregularity of spike trains, we
used an irregularity metric introduced by Davies
et al. (2006) which they called “IR.” First, inter-
spike interval (ISIs) was computed for each
“between-spikes.” If spike(i � 1), spike(i), and
spike(i � 1) occurred in this order, the duration
between spike(i � 1) and spike(i) corresponds to
ISIi; the duration between spike(i) and spike(i �
1) corresponds to ISIi � 1. Second, the difference
between adjacent ISIs was computed as �log(ISIi/
ISIi � 1)�. The value was then assigned to the tim-
ing when the spike(i) occurred. Thus, small IR
values indicate regular firing and large IR values
indicate irregular firing. We then computed a
median of all IR values during the whole task
period for all correct trials. This measure has an
advantage over traditional measures of irregular-
ity, such as the coefficient of variation of the in-
terspike intervals, which require a constant firing
rate during the measurement period. This re-
quirement was not met in our experiments be-
cause neural responses often changed during the
task periods. We analyzed IR values of DRN neu-
rons, putative dopamine neurons, and putative
projection neurons in the caudate (supplemental
Fig. 1, available at www.jneurosci.org as supple-
mental material). The caudate data were ob-
tained in the separate experiments (Davies et al.,
2006).

Results
We analyzed the activity of DRN neurons
using two tasks with biased reward sched-
ules: a memory-guided saccade task (1DR-
MGS) (Fig. 1A) (17 neurons from monkey
E; 67 from monkey L) and a visually guided
saccade task (1DR-VGS) (Fig. 1B) (96 neu-
rons from monkey E; 71 from monkey L).
Because the biased reward schedule was in-
troduced in blocks, on each trial the animal
could predict the reward value based on the
location of the target cue (Fig. 1C). Indeed,
saccadic reaction times were significantly
shorter for large-reward than small-reward
trials in both monkeys in both tasks (sup-
plemental Table 1, available at www.
jneurosci.org as supplemental material; see
also Fig. 8G).

The electrode was directed to the DRN
through a recording chamber that was im-
planted over the midline of the parietal cor-
tex. During the initial survey of DRN, the
following brain structures were identified

and used as landmarks: superior colliculus with receptive fields in
the upper visual field with large eccentricities, inferior colliculus
with auditory responses, mesencephalic trigeminal nucleus with
responses to mouth movements, the locus ceruleus with phasic
responses to salient sensory stimuli, and trochlear nucleus with
increased firing during downward eye movements. We analyzed
neurons located 0 –2 mm anterior to the trochlear nucleus.

Traditionally, it has been accepted that serotonin neurons fire
broad spikes spontaneously in a slow and regular “clock-like”
firing pattern (Aghajanian et al., 1978; Sawyer et al., 1985; Jacobs

Figure 1. Experimental procedure. A, Memory-guided saccade task with biased reward schedule (1DR-MGS). After the
monkey fixated on the central fixation point for 1000 –1500 ms, one of the two target positions was flashed for 100 ms. After the
fixation point disappeared, the monkey made a saccade to the cued position to receive a liquid reward. The white arrows indicate
the direction of gaze. In a block of 20 –28 trials (e.g., left-large block), one target position (e.g., left) was associated with a large
reward and the other position (e.g., right) was associated with a small reward. The position–reward contingency was then
reversed (e.g., right-large block). B, Visually guided saccade task with asymmetric reward schedule (1DR-VGS). After a 1200 ms
fixation period, the fixation point disappeared and at the same time the target appeared, and the monkey immediately made a
saccade to the target to receive a reward. C, Left-large and right-large conditions were alternated between blocks with no
external cue. The location of the target was determined pseudorandomly. D, Histological reconstruction of recording sites in
monkey L. The three broken lines, from right to left, indicate electrode penetrations at 1.0 mm to the right, 1.0 mm left, and 1.5
mm left. The white arrow indicates a microlesion made after recording of a DR neuron. DR, Dorsal raphe nucleus; MLF, medial
longitudinal fasciculus; PAG, periaqueductal gray; SC, superior colliculus; IV, trochlear nucleus; mesV, mesencephalic trigeminal
nucleus.

Nakamura et al. • Reward-Dependent Activity in the Dorsal Raphe J. Neurosci., May 14, 2008 • 28(20):5331–5343 • 5333



and Fornal, 1991; Hajos et al., 1998). Therefore, we computed the
baseline firing rate, spike duration, and regularity of sampled
neurons (see Materials and Methods). The baseline firing rate
across neurons ranged from 0 to 22 spikes/s with a mean of 4.9
spikes/s (SD, 4.3; median, 4.0). The spike duration ranged from
1.0 to 3.7 ms (mean, 2.2 ms; SD, 0.58 ms). Different methods have
been used to quantify the regularity of neuronal firing (Shino-
moto et al., 2003). In this study, we used the irregularity metric
IR, which was the median value of the differences between adja-
cent interspike intervals during the whole task period (Davies et
al., 2006) (see Materials and Methods). Smaller IR values indicate
more regular firing. There was no significant difference in IR
value between 1DR-MGS and 1DR-VGS (Wilcoxon signed rank
test, p � 0.79) (supplemental Fig. 1A, available at www.
jneurosci.org as supplemental material). The IR values for the
DRN neurons we sampled were significantly smaller (i.e., more
regular) than those for putative projection neurons in the caudate
nucleus ( p � 0.0001) and putative dopamine neurons in the
substantia nigra pars compacta ( p � 0.02) (supplemental Fig.
1B, available at www.jneurosci.org as supplemental material).
Among DRN neurons, there was no significant correlation be-
tween IR values and spike duration ( p � 0.4, Spearman rank
correlation) or baseline firing rate ( p � 0.05).

Reward-dependent modulations in DRN neuronal activity
DRN neurons exhibited task-related modulations with distinc-
tive features during the performance of the 1DR-MGS. Most no-
tably, DRN neurons often showed reward-dependent modula-
tions in activity after reward onset. Figure 2A shows a
representative example. This neuron was characterized by long
spike duration (2.76 ms), low baseline activity (2 Hz), and regular
firing (median IR, 0.31). The neuron exhibited an increase in
activity after the onset of the fixation point (FPon) followed by
regular and tonic firing until reward onset. The activity further
increased after the onset of a large reward but ceased after the
onset of a small reward. This modulation occurred regardless of
the direction of the saccade, and lasted for 860 ms after reward
onset (permutation test, p � 0.05) (see Materials and Methods).
Such reward-dependent modulations during the postreward pe-
riod lasted longer for other DRN neurons. For example, the neu-
ron in Figure 2B was also characterized by long spike duration
(2.6 ms), low baseline activity (6 Hz), and regular firing pattern
(median IR, 0.50). For both saccade directions, there was a long-
lasting decrease in activity starting 400 ms after the onset of large
reward (permutation test, p � 0.05). The activity of the neuron in
Figure 2C (baseline firing rate, 3 Hz; spike duration, 1.9 ms; IR �
0.47) was significantly stronger for large- than small-reward trials
starting 800 to 1500 ms after reward onset. The neuron in Figure
2D (baseline firing rate, 10 Hz; spike duration, 1.4 ms; IR � 0.48)
also exhibited a long-lasting reward effect starting around the
time of reward offset. Note that, in all of these examples, the
postreward modulations of activity disappeared before the next
trial started (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material).

In some neurons, reward-dependent modulations were also
observed before reward onset during the delay period. The neu-
ron in Figure 2C exhibited stronger activity on small-reward than
large-reward trials ( p � 0.8 � 10�6). The neuron in Figure 2D
also exhibited stronger activity on small- than large-reward trials,
but only when leftward saccades were required (two-way
ANOVA, reward effect, p � 0.005; interaction, p � 0.02). Such
direction selectivity, however, was relatively rare among DRN
neurons.

Reward-dependent modulations in activity during the delay
and the postreward periods, as shown in the example neurons in
Figure 2, were commonly observed in the population of DRN
neurons. Figure 3, A–D, illustrate the time course of these mod-
ulations using ROC analysis, by comparing the firing rate of each
neuron for each task condition to the baseline activity during 400
ms before fixation onset. During the delay and postreward peri-
ods of the task, many DRN neurons had tonic increases in activity
(shown in warm colors) or decreases in activity (cool colors).

Figure 3E shows the time course of reward selectivity, using
ROC analysis to compare the activity of each neuron between
large- and small-reward trials. Figure 3F shows a similar analysis
for direction selectivity, comparing contraversive- and
ipsiversive-saccade trials. The reward effect was present in many
neurons during both task periods before (mainly the delay pe-
riod) and after reward, whereas direction effects were
uncommon.

The data in Figure 3, A and B, reveal a notable difference in the
reward-dependent modulations between the prereward period
and the postreward period. For each neuron, the changes in ac-
tivity during the prereward period, compared with the baseline
activity, tended to be in the same direction on both large- and
small-reward trials (Fig. 3A,B). On the contrary, the changes in
activity during the postreward period, compared with the base-
line activity, tended to be in opposite directions (Fig. 3A,B). For
example, for the neuron shown in Figure 2A, the prereward ac-
tivity increased compared with the baseline on both large- and
small-reward trials. However, the postreward activity increased
on large-reward trials, but it was inhibited on small-reward trials.

The main cause of the reward effect during the prereward
period was that the changes in activity tended to be stronger on
large-reward trials than on small-reward trials, which is illus-
trated by the greater intensity of colors in Figure 3A than in Figure
3B. To quantify the trend, we computed the prereward activity as
the firing rate during 400 ms after target onset minus the baseline
firing rate, and the results are shown in Figure 4A. Among 22
neurons (22 of 84; 26%) that showed significant reward effects
during the prereward period, 20 neurons exhibited significant
activity changes on large-reward trials, whereas only 10 neurons
did on small-reward trials. This tendency is illustrated by a wider
distribution of the prereward activity on large-reward trials than
that on the small-reward trials (Fig. 4A, marginal histograms).
When the firing rate in the prereward period was compared be-
tween the reward conditions, 16 neurons showed higher firing
rates on the large-reward trials than on the small-reward trials;
the other 6 neurons showed the opposite pattern (two-way
ANOVA, p � 0.01).

Reward-dependent modulations were clearer and more prev-
alent in postreward activity. Among 42 neurons (42 of 84; 50%)
that showed significant reward effects during the postreward pe-
riod, 24 neurons showed changes in activity in opposite direc-
tions between large- and small-reward trials (Fig. 4B, data points
in the top left and bottom right quadrants). When postreward
activity was compared between the reward conditions, 18 neu-
rons showed a large-reward preference (i.e., higher firing rates on
large-reward trials than on small-reward trials); the other 24 neu-
rons showed a small-reward preference (two-way ANOVA, p �
0.01).

As discerned from Figure 3, A–D, some DRN neurons also
exhibited changes in activity (1) after fixation onset: increases for
23 of 84 (27.4%) or decreases for 12 of 84 (14.3%) neurons (com-
parison between activity during 400 ms before and 200 ms after
fixation onset; Mann–Whitney U test, p � 0.01), and (2) during
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Figure 2. A–D, Activity of four neurons in the DRN in 1DR-MGS task. For each neuron, action potentials are shown by raster plots in chronological order of trials, separately for leftward and
rightward saccades. The changes in firing rate are shown by perievent histograms at top [smoothed with a Gaussian kernel (� � 5 ms; width, 5�)]. The activity in large- and small-reward trials
is shown in red and blue, respectively. The histograms and raster plots are shown in three sections, left section aligned at the time of fixation point onset (FPon), middle aligned on target onset
(TGon) and fixation point offset (FPoff), and right aligned on reward onset (RWon). Note that the reward offset (RWoff) applies only to large-reward trials. Spike shape and irregularity metric (IR)
for each neuron are shown on the left (timescale, 2 ms). The black dots indicate saccade onset (SACon), and the light blue dots indicate reward onset and offset.
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the later fixation period: increases for 17 of 84 (20.2%) or de-
creases for 20 of 84 (23.8%) neurons (comparison between activ-
ity during 400 ms before fixation onset and 800 – 400 ms before
target onset, p � 0.01).

Comparison of reward-dependent modulations between DRN
and dopamine neurons
To understand the functional significance of the reward-related
activity of DRN neurons, we compared it to the activity of dopa-
mine neurons in the same two monkeys. For this purpose, we
used a visually guided version of the biased-reward saccade task
(Fig. 1B, 1DR-VGS). We recorded from 167 DRN neurons (96
from monkey E; 71 from monkey L) and 64 dopamine neurons
(20 from monkey E; 44 from monkey L).

The characteristics of the reward-dependent modulations in
the activity of DRN neurons in 1DR-VGS were similar to those
found in 1DR-MGS. Thus, many DRN neurons exhibited in-
creases or decreases in tonic activity (usually increases) after the
onset of the fixation point. These changes became more evident
during the prereward period, after the onset of the saccade target

that indicated the size of the upcoming reward. As in 1DR-MGS,
changes in prereward activity occurred in the same direction on
both large- and small-reward trials (Fig. 5A,B), but tended to be
greater on large-reward trials (Fig. 6A), thus leading to differ-
ences in activity between the two reward conditions (Fig. 5E).
Among 44 neurons (44 of 167; 26%) that showed significant
reward effects during the prereward period, 34 exhibited signifi-
cant activity changes on large-reward trials (29 increase and 5
decrease), whereas only 15 did on small-reward trials (13 increase
and 2 decrease).

In the postreward period, the same DRN neurons tended to
exhibit opposite changes in activity (Fig. 5A,B). Among 74 neu-
rons (74 of 167; 44%) that showed significant reward effects, 40
neurons changed their activity in opposite directions on large-
and small-reward trials (Fig. 6B). About one-half (n � 36)
showed a large-reward preference, whereas the other 38 neurons
showed a small-reward preference (two-way ANOVA, p � 0.01).
The direction of the reward preference was not always the same
between the prereward and postreward periods (Fig. 6E).

The activity pattern of dopamine neurons was distinctively

Figure 3. Population activity of DR neurons in 1DR-MGS task (n � 84). The activity of each neuron is presented as a row of pixels. A–D, Changes in neuronal firing rate from baseline are compared
in large- and small-reward trials (A, B) and in contralateral and ipsilateral trials (C, D). The color in each pixel indicates ROC value based on the comparison of the firing rate between a control period
just before fixation onset (400 ms duration) and a test window centered on the pixel (100 ms duration). This analysis was repeated by moving the test window in 20 ms steps. Warm colors (ROC 	
0.5) indicate increases in firing rate relative to the control period, whereas cool colors (ROC � 0.5) indicate decreases in firing rate. E, F, Changes in reward-dependent (E) and direction-dependent
(F ) modulation. The ROC value in each pixel was based on the comparison of firing rate in the same test window centered on the pixel between large- and small-reward trials (E) and between
contraversive- and ipsiversive-saccade trials (F ). Warm colors (ROC 	 0.5) indicate higher firing rates on large- than on small-reward trials (E) and on contraversive than on ipsiversive trials (F ). In
all panels (A–F ), neurons have been sorted in order of ROC values for the reward effect during the postreward (400 – 800 ms) period (E). Arrows A–D in A indicate the data for neurons shown in
Figure 2. FP, Fixation point; TG, target; RW, reward.
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different from DRN neurons (Fig. 5C,D). Dopamine neurons
exhibited a phasic increase in activity after fixation onset, as re-
ported by Takikawa et al. (2004) for 1DR-MGS. They also exhib-
ited a phasic increase in activity after the onset of the target indi-
cating an upcoming large reward (Fig. 5C) and a phasic decrease
in activity after the onset of the target indicating an upcoming
small reward (Fig. 5D), leading to a strong and transient large-
reward preference in the prereward period (Fig. 5F).

In contrast to the prereward period, changes in the postreward
period were less clear in dopamine neurons. Small increases in
activity were observed in some neurons after a large reward (Fig.
5C), leading to weak reward effects (Fig. 5F). Whereas 53 of 167
DRN neurons (31.7%) exhibited significant activation modula-
tion long after reward (600 –1000 ms after reward onset; sign test,
p � 0.01), only 5 of 64 dopamine neurons (7.8%) did so. Thus,
the duration of the postreward activity in dopamine neurons was
shorter than that in DRN neurons (� 2 test, p � 0.0001). Overall,
most of dopamine neurons showed large-reward preference in
the prereward period and some did so in the postreward period
(Fig. 6F).

Figure 7 shows the proportions of neurons that exhibited sig-
nificant reward and direction effects for both DRN and dopa-
mine neurons. Statistical significance was determined using a
two-way ANOVA for each task period ( p � 0.01). In both DRN
and dopamine neurons, reward effects were more prevalent than
direction effects. For DRN neurons, the large-reward preference
was more common than the small-reward preference in the pre-
reward period, whereas these kinds of preferences were equally
common in the postreward period. The reward effect was more
robust among dopamine neurons. They predominantly showed
the large-reward preference in the prereward period and less
commonly in the postreward period. The ratio of large- versus
small-reward preference was significantly different between DRN
neurons and DA neurons (� 2, p � 0.0001 for both prereward and
postreward periods).

Changes of prereward and postreward
activity after the reversal of
position–reward contingency
In both of our tasks, the contingency be-
tween target position and reward value was
fixed during one block of trials, but was
then reversed with no external cue. This al-
lowed us to examine how the monkey’s per-
formance and neuronal activity changed
adaptively to the new position–reward con-
tingency. As in previous studies from our
laboratory, the saccadic reaction time
changed quickly after the reversal of the po-
sition–reward contingency (Fig. 8G) (Lau-
wereyns et al., 2002; Watanabe and Hiko-
saka, 2005).

We therefore examined the time course
of the changes in the activity of DRN and
dopamine neurons (Fig. 8). We computed
the mean normalized firing rates for the
prereward period (0 – 400 ms after target
onset) and the postreward period
(400 – 800 ms after reward onset for DRN
neurons; 0 – 400 ms after reward onset for
dopamine neurons) as a function of the
trial number after the reversal. To assess the
speed of activity change after the reversal,
we tested whether the neuronal activity on

each trial number was significantly different from the mean ac-
tivity on the last five trials of the new block (Mann–Whitney U
test, p � 0.01). This analysis was restricted to neurons whose
firing rates were significantly modulated by reward value (two-
way ANOVA, p � 0.01) and was performed separately for the
prereward and postreward periods.

The changes in prereward activity after the contingency rever-
sal were qualitatively similar for DRN neurons and dopamine
neurons (Fig. 8A,C,E). In both DRN neurons and dopamine
neurons, the activity on the first trial after the contingency rever-
sal was not different from the last trial of the block before the
reversal. This is not surprising because the changed reward had
not yet been delivered when the activity occurred. Interestingly,
however, the change in activity of DRN neurons was delayed by
one trial after the reversal from large rewards to small rewards
(Fig. 8A,C), unlike dopamine neurons (Fig. 8E).

The difference between DRN neurons and dopamine neurons
was clearer in the postreward period (Fig. 8B,D,F). Unlike in the
prereward period, the changed reward had already been delivered
on the first trial after the contingency reversal. The activity of
DRN neurons followed the size of the reward faithfully (Fig.
8B,D). In contrast, the activity of dopamine neurons only
changed transiently on the first trial, and thereafter returned to a
level close to baseline activity (Fig. 8F). Specifically, dopamine
neurons decreased their activity on large-to-small reward rever-
sals and increased their activity on small-to-large reversals. These
transient changes in activity represent the “reward prediction
error,” which is the difference between the expected reward value
(e.g., small reward) and the actual reward value (e.g., large re-
ward). This pattern of dopamine neuron activity has been shown
previously using other tasks (Hollerman and Schultz, 1998;
Takikawa et al., 2004). The results thus indicate that DRN neu-
rons encode the actual reward value, not the reward prediction
error.

Figure 4. Comparison of DRN neuronal activity between large-reward trials and small-reward trials. A, B, In the scatter plot,
the activity of each neuron in the two reward conditions is expressed as the change in firing rate from the prefixation period
(duration, 400 ms) to the prereward period (A) and to the postreward period (B). For each period, data are presented for neurons
that showed a significant reward effect during each period (two-way ANOVA, p � 0.01). The filled bars in the marginal
histograms indicate neurons whose activity was significantly different from the prefixation period (Mann–Whitney U test, p �
0.01). The filled circles indicated by arrows A, B, and D show the data for neurons shown in Figure 2.
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Relationship between the firing pattern and the reward-effect
of DRN neurons
In the present experiment, we studied all well isolated neurons in
the DRN whose activity changed during saccade tasks. It has
traditionally been accepted that serotonin neurons in the DRN
show slow and regular firing with broad spikes (Aghajanian et al.,
1978; Sawyer et al., 1985; Jacobs and Fornal, 1991; Hajos et al.,
1998), although recent studies may not agree with this character-
ization (Allers and Sharp, 2003; Kocsis et al., 2006). To examine
whether such electrophysiological properties were correlated
with reward-related modulation, we first grouped 71 DRN neu-
rons (whose spike shapes were successfully recorded) based on
their spike durations (shorter or longer than 2 ms) and baseline
firing rates (higher or lower than 3 Hz) (Tables 1 and 2). These
criteria were chosen based on a previous study reporting that the
mean spike duration of immunohistochemically identified sero-
tonin neurons was 2.17 ms (range, 1.67–3.5) and the mean base-
line firing rate was 1.67 Hz (range, 0.37–3.0), respectively (Allers
and Sharp, 2003). During both prereward and postreward peri-
ods, there was no tendency that neurons in specific categories
show specific types of reward modulation (� 2 test, p 	 0.5).

We further examined whether the reward-related features of
DRN neurons were correlated with any combination of the elec-
trophysiological properties (Fig. 9). There was no significant dif-

ference between large- and small-reward preferring neurons in
baseline firing rate, spike duration, or irregularity (Kruskal–
Wallis, p 	 0.05). Furthermore, multiple regression analysis in-
dicated that reward effects in ROC values could not be signifi-
cantly predicted by any linear combination of these three
variables (prereward, p � 0.17; postreward, p � 0.68).

Discussion
Neurochemical identity of recorded DRN neurons
Pharmacological and behavioral studies have suggested that the
dorsal and median raphe nuclei (DRN and MRN) are important
elements of the brain reward circuitry (Higgins and Fletcher,
2003; Liu and Ikemoto, 2007). However, it was unknown
whether and how reward information is represented in the DRN.
Our experiments now demonstrate that single neurons in the
monkey DRN encode reward information before and after the
delivery of reward.

Many serotonergic neurons in the brain (�40% in cats; 60%
in rats) are located in the DRN (Wiklund et al., 1981). The lateral
component (the wings) of DRN, best developed around the
trochlear nucleus, is most prominent in primates (Jacobs and
Azmitia, 1992) and that was where we sampled most of the neu-
rons. Among heterogeneous DRN neurons containing different
neurotransmitters (for review, see Michelsen et al., 2007), previ-

Figure 5. Comparison of reward-dependent activity between DRN neurons and dopamine neurons. Data were obtained from 167 DRN neurons and 64 dopamine neurons using 1DR-VGS. The
format is the same as in Figure 3, A, B, and E.
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ous studies report that a substantial proportion of DRN neurons
are serotonergic: �30% in rats (Descarries et al., 1982), 70% of
medium-sized DRN neurons in cats (Wiklund et al., 1981), and
70% in human (Baker et al., 1991). Recent combined electro-

physiological and immunochemical studies
revealed that DRN neurons with “tradi-
tional” electrophysiological characteristics,
such as long spike duration and low and
regular baseline firing, are not always sero-
tonergic (Allers and Sharp, 2003; Kocsis et
al., 2006). Nevertheless, as shown in Tables
1 and 2, 52% of our sample neurons exhib-
ited long spike duration (	2 ms) and 50%
exhibited low firing rate (�3 Hz), consis-
tent with the proportion of “classical” sero-
tonergic neurons in DRN. We also found
that these neurons did show reward-
dependent modulation in activity, indicat-
ing that a group of classical serotonergic
DRN neurons modulate their activity de-
pending on reward information. We also
observed 12% of neurons exhibited base-
line firing rate 	10 Hz and they also exhib-
ited reward-dependent modulation. Such
DRN neurons with high firing rates may be
GABA neurons [Allers and Sharp (2003),
their Table 1].

Reward information is differently coded
by dopamine and DRN neurons
Reward-dependent modulations in the ac-

tivity of DRN neurons were different from those observed in
putative dopamine neurons. First, whereas the dopamine neu-
rons predominantly responded to a reward-predicting sensory
stimulus, DRN neurons responded to both the reward-predicting
stimulus and the reward itself. Second, whereas dopamine neu-
rons respond to a reward only when it was larger or smaller than
expected, DRN neurons reliably coded the value of the received
reward whether or not it was expected. Unlike DRN neurons,
dopamine neurons responded to reward delivery only when the
cue position–reward contingency was switched so that the reward
was unexpectedly small or large (Fig. 8). In other words, dopa-
mine neurons encoded reward prediction error, as suggested pre-
viously (Schultz, 1998; Satoh et al., 2003; Kawagoe et al., 2004),
but DRN neurons did not. Third, whereas dopamine neurons
invariably preferred larger rewards (i.e., are excited by larger re-
wards), the DRN contains neurons preferring larger rewards and
neurons preferring smaller rewards. Finally, whereas dopamine neu-
rons exhibit phasic responses, DRN neurons typically exhibited
tonic responses. Thus, whereas dopamine neurons provide phasic
signals related to reward prediction error, DRN neurons provide
tonic signals related to expected and received reward values.

The responses of DRN neurons were diverse, compared with
relatively stereotyped responses of dopamine neurons. This may
be because DRN neurons are heterogeneous, containing different
neurotransmitters such as GABA, dopamine, noradrenaline, sub-
stance P, nicotine, and acetylcholine (for review, see Michelsen et
al., 2007), in addition to serotonin neurons, which constitute
30 –70% of DRN neurons (Descarries et al., 1982; Leger and Wik-
lund, 1982). However, in the current experiment, putative dopa-
mine neurons were selected based on their firing rates, spike
shapes, and responsiveness to 1DR-saccade tasks, which might be
a reason why their task-related activity was quite homogeneous.

Reward processing in the DRN: inputs
The reward-related signals in DRN neurons may originate from
the brain areas that project to the DRN (Aghajanian and Wang,

Figure 6. Contrasting effects of expected and received rewards on DRN neurons and dopamine neurons. A–D, The same format as in
Figure 4. E, F, Relationship of reward preference between the prereward and the postreward periods. For each neuron, the following was
computed for each task period: (mean firing rate for large-reward trials) � (mean firing rate for small-reward trials).

Figure 7. Similarities and differences between DRN neurons and dopamine neurons. A, Propor-
tions of DRN neurons that showed significant reward-dependent modulations in activity during the
prereward and postreward periods in 1DR-VGS (two-way ANOVA, p � 0.01). The filled bars indicate
neurons that showed stronger activity on large-reward than on small-reward trials; the open bars
indicate neurons that showed stronger activity on small-reward than on large-reward trials. B, Pro-
portions of DRN neurons that showed significant direction-dependent modulations. The filled bars
indicate neurons that showed stronger activity on contraversive-saccade than on ipsiversive-saccade
trials; the open bars indicate stronger activity on ipsiversive-saccade than on contraversive-saccade
trials. C, D, Data for dopamine neurons shown in the same format as in A and B.
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1977; Sakai et al., 1977; Behzadi et al., 1990; Pey-
ron et al., 1998). Notable among them are (1)
dopamine neurons in the substantia nigra pars
compacta and the ventral tegmental area and (2)
the lateral habenula. The dopamine neurons,
which project to both the DRN and MRN (Ki-
tahama et al., 2000), may exert facilitatory effects
on putative serotonin neurons in the DRN (Haj-
Dahmane, 2001). Because the dopamine neu-
rons are excited by the stimulus that predicts a
large reward, DRN neurons would also be ex-
cited by the large-reward-predicting stimulus.
Indeed, during the prereward period, large-
reward preference was more common than
small-reward preference. In contrast, DRN neu-
rons are inhibited by electrical stimulation of the
lateral habenula (Wang and Aghajanian, 1977;
Stern et al., 1979; Varga et al., 2003). Using the
same reward-biased saccade tasks, a recent study
from our laboratory showed that lateral habe-
nula neurons exhibit strong small-reward prefer-
ence (i.e., inhibited by stimuli that predict large
rewards and excited by stimuli that predict small
rewards) (Matsumoto and Hikosaka, 2007).
These changes in habenula activity would then be
translated into the large-reward preference in
DRN neurons.

In contrast, the postreward responses of DRN
neurons are unlikely to be derived from dopa-
mine or habenula neurons because neither of
them exhibit reliable postreward responses. Pos-
sible origins of the postreward information in-
clude the hypothalamus (Celada et al., 2002) and
the medial prefrontal cortex (Hajos et al., 1998;
Varga et al., 2003). Hypothalamic orexin neu-
rons are activated by arousal, feeding, and re-
warding stimuli (Mieda and Yanagisawa, 2002;
Harris and Aston-Jones, 2006). They project to
the DRN in addition to many other areas (Pey-
ron et al., 1998) and facilitate serotonin release
(Tao et al., 2006). Medial prefrontal cortex in-
puts to the DRN and MRN attenuate the increase
in serotonin release in response to aversive stim-
uli (Amat et al., 1998).

In the postreward period, about one-half of
DRN neurons showed large-reward preference
and the other one-half showed small-reward
preference. One possible interpretation would
be that the two kinds of reward-related signals
are represented in other brain areas such as the
anterior cingulate cortex (Niki and Watanabe,
1979; Amiez et al., 2006) and these signals are
transmitted to DRN (Arnsten and Goldman-
Rakic, 1984). Another possibility is that reward
information is transferred from one group of
neurons to the other via inhibitory connec-
tions within the DRN. It has been suggested
that the ventral medial prefrontal cortex inhib-
its serotonin neurons in the DRN by targeting
local GABAergic interneurons (Varga et al., 2001). Thus, the
modulation in activity of some DRN neurons may be in opposite
direction to the others depending on the direct or indirect pro-
jection from the cortex.

Reward processing in the DRN: outputs
Among the widespread efferent projections of the DRN (Lavoie
and Parent, 1990; Vertes, 1991), those to the basal ganglia struc-
tures, especially, the striatum and the substantia nigra (van der
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Figure 8. Changes in neuronal activity with the reversal of position–reward contingency. A, B, DRN neurons with large-reward
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Kooy and Hattori, 1980; Imai et al., 1986), may be particularly
important because they are thought to control reward-dependent
saccadic eye movements (Hikosaka et al., 2006).

Many lines of evidence suggest that an inhibition of raphe
neurons causes a rewarding effect and that this is mediated, at
least partly, by the disinhibition of dopamine neurons. Electrical
stimulation of the DRN and MRN causes inhibitions of dopa-
mine neurons, which are mediated by serotonin released in the
substantia nigra (Dray et al., 1976; Tsai, 1989; Trent and Tepper,
1991). Self-administration of muscimol into the raphe nuclei
causes rewarding effects in behavior, and this effect is dependent
on normal dopamine function (Liu and Ikemoto, 2007). It has
been suggested that dopamine actions in the basal ganglia are
antagonized by serotonin that derives from the DRN or MRN
(Kapur and Remington, 1996). Thus, the inhibition of the DRN/
MRN followed by the enhancement of dopaminergic transmis-
sion in the basal ganglia appears to be rewarding (Fletcher et al.,
1993).

The DRN may have a more direct route to influence saccadic
eye movements, which is its projection to the substantia nigra
pars reticulata (SNr) (Corvaja et al., 1993). The SNr is known to
exert tonic GABAergic inhibition on the superior colliculus and
to remove this inhibition in response to sensory, memory, and
motivational demands (Hikosaka et al., 2006).

Possible functions of the DRN in reward processing
Characteristic features of the activity of DRN neurons were that
(1) their reward-related response pattern was tonic, and (2) the
changes were of either large- or small-reward preference. Such
activation patterns may be useful in integrating appetitive or
aversive reward information for a substantial time, as suggested
by Solomon and Corbit (1974). This may also explain the exper-
imental results indicating that serotonin-depleted animals show
impulsive tendencies. That is, systemic or local depletion of sero-
tonin renders the animal likely to choose a small but immediate
reward rather than a large but delayed reward (Wogar et al., 1993;
Brunner and Hen, 1997; Harrison et al., 1997; Mobini et al.,
2000a,b; Winstanley et al., 2004, 2006; Denk et al., 2005). The
human DRN was activated when subjects learned to obtain large
future rewards (Tanaka et al., 2004). Long-lasting DRN activity
may have other functions as well, because impulsivity has been
associated with other serotonin-related behavioral tendencies
such as aggression (Mehlman et al., 1994; van Erp and Miczek,
2000) and obsession (Insel et al., 1990).

The coding of delayed rewards has been a long-standing issue
in reinforcement learning theories (Cardinal et al., 2001). Recent
studies have suggested that multiple neural systems may partici-
pate in the representation of rewards at different timescales (Mc-
Clure et al., 2004; Tanaka et al., 2004). One hypothesis is that
serotonin regulates the balance between immediate and delayed
rewards (Doya, 2002). Daw et al. (2002) suggested that the cur-
rent reward value is represented by the phasic activation of dopa-
mine neurons, whereas the average value is represented by the
tonic activation of serotonin neurons. We found indeed that one-
half of DRN neurons exhibited such reward-related tonic activa-
tion. However, our results do not completely support the theory
because the tonic activation of DRN neurons did not seem to
accumulate across trials. Additional experiments using tasks in-
volving long-term reward prediction will be necessary to test this
hypothesis.

In conclusion, our experiments demonstrate that many neu-
rons in the monkey DRN encode expected and received rewards.
They do so in a manner distinctly different from dopamine neu-
rons. It remains to be solved whether and how the DRN signals

Figure 9. Electrophysiological properties of different groups of DRN neurons. A–F, Neurons
with different reward-dependent modulation (large 	 small, red stars; small 	 large, blue
circles; no significant change, black dots) during prereward (A–C) and postreward (D–F ) peri-
ods are plotted in two-dimensional graphs. Each graph shows the correlation between two of
three electrophysiological properties (spike width, IR, and baseline activity). Data were ob-
tained using 1DR-VGS.

Table 1. Number of neurons with reward-dependent modulation: spike duration

Prereward Postreward

Long Short Long Short

Large 	 small 9 6 9 9
Small 	 large 1 4 9 8
Not significant 24 27 16 20

Long, �2 ms; short, �2 ms.

Table 2. Number of neurons with reward-dependent modulation: baseline firing
rate

Prereward Postreward

Low High Low High

Large 	 small 7 8 10 8
Small 	 large 5 0 7 10
Not significant 24 27 19 17

Low, �3 Hz; high, �3 Hz.
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are used for the reward-based modulation of motor behavior or
learning.
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In the central nervous system, nitric oxide (NO) is produced
by neuronal NO synthase (nNOS), a Ca2+/calmodulin (CaM)-
dependent enzyme (Bredt and Snyder 1990; Alderton et al.
2001; Oess et al. 2006), and has been implicated in synaptic
plasticity including long-term potentiation in the hippocam-
pus and in pain transmission (Meller and Gebhart 1993; Ji
et al. 2003). Although NO production by nNOS is well
accepted to be regulated by the influx of Ca2+ through NMDA
receptor (NMDA-R; Garthwaite et al. 1988; Sattler et al.
1999), nNOS is not efficiently stimulated by non-NMDARs
that also induce a calcium influx (Kiedrowski et al. 1992).
During fractionation, nNOS is distributed largely to mem-
brane-associated and cytoskeletal fractions (Hecker et al.
1994), and co-localization of nNOS with NMDA-R at the
post-synaptic density (PSD) suggests that NMDA-R activity
may be coupled to nNOS activation by a close spatial
interaction (Valtschanoff and Weinberg 2001). nNOS might
be efficiently activated only in the vicinity of NMDA-R,
because of the high local Ca2+ concentration upon Ca2+ influx
by the activation of NMDA-R; and the synaptic actions of NO
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Abstract

In the central nervous system, the activation of neuronal nitric

oxide synthase (nNOS) is closely associated with activation of

NMDA receptor, and trafficking of nNOS may be a pre-

requisite for efficient NO production at synapses. We recently

demonstrated that pituitary adenylate cyclase activating

polypeptide (PACAP) and NMDA synergistically caused the

translocation of nNOS to the membrane and stimulated NO

production in PC12 (pheochromocytoma) cells. However, the

mechanisms responsible for trafficking and activation of nNOS

are largely unknown. To address these issues, here we con-

structed a yellow fluorescent protein (YFP)-tagged nNOS

N-terminal (1–299 a.a.) mutant, nNOSNT-YFP, and visualized

its translocation in PC12 cells stably expressing it. PACAP

enhanced the translocation synergistically with NMDA in a

time- and concentration-dependent manner. The translocation

was blocked by inhibitors of protein kinase A (PKA), protein

kinase C (PKC), and Src kinase; and the effect of PACAP

could be replaced with PKA and PKC activators. The b-finger

region in the PSD-95/disc large/zonula occludens-1 domain of

nNOS was required for the translocation of nNOS and its

interaction with post-synaptic density-95 (PSD-95), and NO

formation was attenuated by dominant negative nNOSNT-

YFP. These results demonstrate that PACAP stimulated

nNOS translocation mediated by PKA and PKC via PAC1-

receptor (a PACAP receptor) and suggest cross-talk between

PACAP and NMDA for nNOS activation by Src-dependent

phosphorylation of NMDA receptors.

Keywords: neuronal nitric oxide synthase, NMDA receptor,

pituitary adenylate cyclase activating polypeptide, PSD-95/

disc large/zonula occludens-1, translocation.
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are facilitated by subcellular targeting of nNOS to membrane
structures (Kornau et al. 1995). nNOS has been shown to
associate with NMDA-R via a scaffold protein, PSD-95 (Husi
et al. 2000; Kim and Sheng 2004), which contains PSD-95/
disc large/zonula occludens-1 (PDZ) domains and is ex-
pressed abundantly in the PSD (Brenman et al. 1996). These
PDZ domains of PSD-95 enable it to regulate the co-
localization of nNOS and NMDA-R (Sattler et al. 1999;
Brenman et al. 1996; Niethammer et al. 1996). Suppression
of PSD-95 expression blocked NMDA-R and Ca2+-dependent
nNOS activation, and dissociation of NMDA-R and PSD-95
interaction blocked NMDA-R signaling without affecting
synaptic activity (Sattler et al. 1999; Aarts et al. 2002).

The neuropeptide pituitary adenylate cyclase activating
polypeptide (PACAP) is widely distributed in the nervous
system and has been implicated in neurotransmission, neural
plasticity, and neurotrophic actions (Vaudry et al. 2000;
McCulloch et al. 2002). PACAP potentiated NMDA-R
responses in the hippocampus (Yaka et al. 2002, 2003;
Macdonald et al. 2005; MacDonald et al. 2007) and
impaired long-term potentiation in the hippocampus of
PACAP-mutant mice (Matsuyama et al. 2003). We recently
demonstrated that PACAP knockout mice did not exhibit
neuropathic pain induced by peripheral nerve injury and
concomitant with the increase in PACAP immunoreactivity
after nerve injury, nNOS activity visualized by NADPH-
diaphorase histochemistry markedly increased in the super-
ficial layer of the spinal cord of wild-type mice, but not in
that of PACAP knockout mice (Mabuchi et al. 2004). NO
production in spinal slices was synergistically stimulated by
100 lM NMDA and 1–50 nM PACAP, but not by NMDA
alone. Furthermore, we and others demonstrated that nNOS
activation might be reversibly regulated by the translocation
of nNOS from the cytosol to the plasma membrane with
750 lM NMDA alone or a lower concentration (100 lM) of
NMDA and 1 nM PACAP in pheochromocytoma (PC12)
cells, a rat pheochromocytoma line (Arundine et al. 2003;
Mabuchi et al. 2004). These results suggest that PACAP
signaling plays an important role in the translocation of
nNOS, which is followed by NO production. However, the
mechanism by which PACAP stimulated the translocation of
nNOS with NMDA in PC12 cells has remained unclear.

Unlike endothelial and inducible NOSs that anchor to the
membrane by lipid modification, nNOS which is unique in
having approximately 250 a.a. N-terminal extension con-
taining a PDZ domain is recruited to membranes via protein-
protein interactions (Alderton et al. 2001; Oess et al. 2006).
This PDZ domain contains two non-overlapping binding
sites that can bind PSD-95 PDZ2 and a COOH-terminal
peptide simultaneously (Christopherson et al. 1999). In the
present study to reveal the mechanism by which PACAP
promotes the translocation of nNOS to the plasma membrane
in the presence of NMDA, we constructed a yellow fluores-
cence protein (YFP)-tagged nNOS N-terminal mutant

encompassing amino acid residues 1–299 (nNOSNT-YFP)
and biochemically examined the translocation of nNOS from
the cytosol to the plasma membrane in PC12 cells stably
expressing nNOSNT-YFP. We showed that nNOSNT-YFP
was translocated to the plasma membrane by co-stimulation
with NMDA and PACAP and that the latter was involved in
nNOS translocation through the activation of both protein
kinase C (PKC) following calciummobilization and the cyclic
AMP (cAMP)/protein kinase A (PKA) pathway mediated by
the PACAP-specific receptor (PAC1-R).

Materials and methods

Materials
Pheochromocytoma cells were maintained in Dulbecco’s modified

Eagle medium (DMEM) supplemented with 5% fetal calf serum,

10% horse serum, 50 U/mL penicillin, and 50 lg/mL streptomycin

at 37�C in a 5% CO2 atmosphere. Nerve growth factor (NGF) was

obtained from Wako Pure Chemical (Osaka, Japan). PACAP and

vasoactive intestinal peptide (VIP) were supplied by Peptide

Institute (Osaka, Japan). NMDA, MK-801, 2-amino-5-phosphono-

valeric acid (APV), calphostin C, forskolin, phorbol 12-myristate-

13-acetate (PMA), 4a-PMA, KN-62, PP2, and 3-iso-butyl-1-

methylxanthine (IBMX) were purchased from Sigma (St. Louis,

MO, USA). Acetoxymethyl esters (AM) of fura-2 and diami-

norhodamine-4M (DAR-4M) were obtained from Dojindo

(Kumamoto, Japan) and Daiichi Pure Chemicals (Tokyo, Japan),

respectively. Other chemicals were of reagent grade.

Construction of YFP-tagged N-terminal truncation mutants of
nNOS
The PDZ domain of nNOSNT was amplified from the full-length

nNOS gene by use of the following two primers: P1; 5¢-GAATT
CCACA GATAC CATGG AAGAG CACAC-3¢ (coding strand) and

5¢-CTCTA GATTA GCGAG GGCAC CTGGA AGGAC-3¢ (non-
coding strand). The amplified nNOSNTcDNA fragment was inserted

into pEYFP-N1 (Clontech, Palo Alto, CA, USA). Five truncated

mutants of nNOSNT were amplified from the nNOSNT cDNA

fragment by use of P1 for the coding strand of nNOSNT as common

coding strand and 5¢-GTGGA TCCCG TGTGT CTTTC ATCTC

TGCTT TG-3¢, 5¢-GTGGA TCCCG TCCGC TGTCC TGGAG

GTTGG C-3¢, 5¢-GTGGA TCCCG AGGTC CGTTA CTGGG

ACCTG G-3¢, 5¢-GTGGA TCCCG GGTGG GTGTC CCCAG

GGGCT G-3¢, and 5¢-GTGGA TCCCG AGGGC CTCTC AGAAT

GAGGA C-3¢ as non-coding strands for nNOSNT (1–231), (1–195),

(1–159), (1–130), and (1–100), respectively. These amplified

nNOSNT mutant cDNA fragments were inserted into pEYFP-N1.

The resulting plasmids, nNOSNT-YFP, nNOSNT (1–231)-YFP,

nNOSNT (1–195)-YFP, nNOSNT (1–159)-YFP, nNOSNT (1–130)-

YFP, and nNOSNT (1–100)-YFP were sequenced to ensure correct

reading frame, orientation, and sequence.

Stable expression of nNOSNT-YFP mutants in PC12 cells
For expression of the six nNOSNT-YFP mutants in PC12 cells, we

transfected PC12 cells with the respective plasmids. Transfection

was achieved by using the lipofection method with Lipofectamine
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(Invitrogen Life Technologies, Carlsbad, CA, USA) according to the

manufacturer’s protocol. Cells stably expressing nNOSNT-YFP

mutant proteins were selected in medium containing 700 lg/mL of

geneticin (Invitrogen). Resistant colonies were trypsinized and

sampled carefully by using cloning rings. The expression of these

nNOSNT-YFP mutant proteins in PC12 cells was confirmed by

western blotting with anti-nNOS rabbit polyclonal antibody

(1 : 6000; Santa Cruz Biotech., Santa Cruz, CA, USA) and western

blotting detection reagent (GE Healthcare, Piscataway, NJ, USA).

PC12 cells stably expressing nNOSNT-YFP was designated as

PC12N cells.

nNOSNT-YFP translocation assay
Pheochromocytoma (PC12N) cells were caused to differentiate by

5-day treatment with 50 ng/mL NGF, and translocation of nNOSNT-

YFP was examined in the cells essentially as reported previously

(Mabuchi et al. 2004). Briefly, after a 30-min incubation with test

agents, the cells were rinsed with phosphate-buffered saline (PBS),

fixed with 4% paraformaldehyde in 0.12 M sodium phosphate

buffer, pH 7.4 for 20 min at 20–24�C, and then rinsed with PBS.

Digital images were captured on a Zeiss LSM510 laser-scanning

confocal microscope (Oberkochen, Germany). The intensity of

nNOSNT-YFP was quantified by using IMAGEJ. To evaluate the

translocation of nNOSNT-YFP to the plasma membrane in PC12N

cells, we counted the number of cells possessing foci of yellow

fluorescence of nNOSNT-YFP on their plasma membrane and

expressed this number as a percentage of the total cells examined.

More than 40 cells were observed for each datum point, and at least

four experiments were carried out in each analysis. Translocation of

the other nNOSNT-YFP truncation mutants was examined similarly.

RT-PCR analysis
Total RNAs were isolated from NGF-treated or untreated PC12 cells

and PC12N cells with Trizol reagent (Invitrogen Life Technologies),

and the first-strand cDNA was synthesized from 1 lg of total RNA

by using a ReverTra Ace-a kit (Toyobo, Osaka, Japan). PCR

reactions were carried out in a total 25 lL of PCR buffer containing

1.25 units GeneTaq DNA polymerase (Nippon Gene, Tokyo, Japan),

1.5 mM MgCl2, 200 lM concentration of each deoxynucleoside

triphosphate, and 0.4 mM specific oligonucleotide primers defined

in Table 1. The PCR conditions consisted of an initial denaturation

at 94�C for 3 min followed by 25 cycles (PAC1-R, NR1, and b-
actin), 35 cycles (PSD-95) or 40 cycles (VIP/PACAP receptor,

subtype 1-R, VIP/PACAP receptor, subtype 2-R, NR2A, NR2B, and

nNOS) of amplification [94�C for 1 min, 50�C (nNOS) or 63�C (the

other genes) for 1 min, and 72�C for 1 min] ending with a final

5-min extension at 72�C. PCR products were separated on 2%

agarose gels in Tris-acetate EDTA buffer, stained with ethidium

bromide, visualized under UV light and photographed.

Measurement of cAMP content
Intracellular cAMP levels were determined by use of a cAMP

radioimmunoassay kit (GE Healthcare) as described previously (Xu

et al. 2007). NGF-differentiated PC12 or PC12N cells were pre-

incubated for 15 min with HEPES-buffered saline solution (HBS)

containing in mM: 125 NaCl, 4.7 KCl, 1.2 CaCl2, 1 MgCl2, 1.2

KH2PO4, 15 NaHCO3, 11 glucose, and 15 HEPES (pH 7.4) in the

presence of 0.5 lM IBMX. Reactions were started by the addition

of test agents. After a 15-min incubation at 37�C, reactions

were terminated by removal of media and the addition of ice-cold

5% (w/v) trichloroacetic acid solution.

Measurement of intracellular free Ca2+ concentration ([Ca2+]i)
Pheochromocytoma (PC12) cells were plated on poly-L-lysine-

coated glass-bottomed dishes (35 mm) at a density of 1 · 104 cells/

cm2, and changes in [Ca2+]i in NGF-differentiated PC12 cells were

measured as described previously (Muratani et al. 2003). After the
cells had been incubated for 30 min with DMEM containing 5%

Table 1 Primer sequences employed for RT-PCR analysis

Gene Primer sequences (5¢ to 3¢) Product length (bp) Reference

PAC1-R (forward) TTTCA TCGGC ATCAT CATCA TCATC CTT 374 Onoue et al. 2002

PAC1-R (reverse) CCTTC CAGCT CCTCC ATTTC CTCTT

VPAC1-R (forward) GCCCC CATCC TCCTC TCCAT 299 Onoue et al. 2002

VPAC1-R (reverse) TCCGC CTGCA CCTCA CCATT G

VPAC2-R (forward) ATGGA TAGCA ACTCG CCTTT CTTTA G 326 Onoue et al. 2002

VPAC2-R (reverse) GGAAG GAACC AACAC ATAAC TCAAA CAG

NR1 (forward) TCAGC GACGA CCACG AGGGA CG 604 Allgaier et al. 1999

NR1 (reverse) TTGTA GATGC CCACT TGCAC CA

NR2A (forward) AGCCC CCTTC GTCAT CGTAG A 339 Allgaier et al. 1999

NR2A (reverse) CAGAA GGGGA GACAG TGCCA TTA

NR2B (forward) GGAGG AGGCG CCATT TGTCA TTG 377 Karlsson et al. 2002

NR2B (reverse) AGTCC CATTG CTGCG AGATA CCAT

nNOS (forward) GGCAC TGGCA TCGCA CCCTT 551 Onoue et al. 2002

nNOS (reverse) CTTTG GCCTG TCCGG TTCCC

PSD-95 (forward) GTGGG CGGCG AGGAT GGTGA A 497 Arundine et al. 2003

PSD-95 (reverse) CCGCC GTTTG CTGGG AATGA A

b-actin (forward) TTCTA CAATG AGCTG CGTGT GGC 456 Onoue et al. 2002

b-actin (reverse) CTC(A/G)T AGCTC TTCTC CAGGG AGGA

nNOS, neuronal NO synthase; PSD, post-synaptic density; PAC1-R, pituitary adenylate cyclase receptor; VPAC, VIP/PACAP receptor.
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fetal calf serum, 10% horse serum, and 5 lM fura-2AM, the fura-2-

loaded PC12 cells were stimulated by PACAP with or without

100 lM NMDA in HBS or in Mg2+-free HBS supplemented with

1 mM CaCl2 (final concentration to 2.2 mM) in place of MgCl2
and 50 lM glycine at 2–3 mL/min on an inverted fluorescence

microscope (Olympus IX-70, Tokyo, Japan) equipped with a

dichroic mirror (505 nm) and an emission filter (515–550 nm).

The cells were excited at 340 and 380 nm by using a high-speed

wavelength switcher, and the fluorescence emission signal was

monitored by using an Aquacosmos-ratio imaging system (Ham-

amatsu Photonics, Hamamatsu, Japan) with a cooled charge-coupled

device camera. [Ca2+]i was expressed as a ratio of fluorescence

emission intensity at 340 and 380 nm.

Immunoprecipitation
COS7 cells expressing Myc-PSD-95 or a nNOSNT-YFP truncation

mutant were incubated at 4�C for 30 min in a lysis buffer (25 mM

Tris-HCl, pH 7.4, containing 1 mM EDTA, 150 mM NaCl, 1%

Triton X-100, and 1 mM phenylmethylsulfonyl fluoride). The

lysates of COS7 cells expressing PSD-95 and one of the six

truncation mutant proteins were mixed together and centrifuged at

17 000 g for 15 min, after which the supernatant was incubated

overnight at 4�C with anti-c-Myc agarose affinity gel (Sigma). After

the resin had been washed three times with the lysis buffer and

boiled in the sample buffer, the proteins were resolved by sodium

dodecyl sulfate polyacrylamide gel electrophoresis and processed

for western blotting with anti-PSD-95 antiserum and monoclonal

anti-green fluorescent protein antibody (Clontech). Antisera against

PSD-95 were raised in rabbits by using the N-terminal region (1–64

a.a.) of rat PSD-95 as the immunogen. We confirmed that the

antisera specifically immunoreacted with PSD-95.

NO formation
To detect YFP and NO formation in PC12N cells, we used DAR-4M

as a fluorescent NO indicator. Briefly, NGF-differentiated PC12 cells

or PC12N cells were loaded with 10 lM DAR-4M for 20 min at

37�C in HBS and washed three times with HBS. Then digital images

were captured on a Zeiss LSM510 laser-scanning confocal micro-

scope prior to the treatment with NMDA and PACAP. After the

30-min treatment with 100 lM NMDA and 1 nM PACAP, 2 mM

arginine was added to the PC12 and PC12N cells, digital images for

DAR-4M were captured by a confocal microscope by excitation with

a HeNe1 laser at 543 nm and emission with a 560–615 nm band pass

filter. Digital images for YFP were obtained by excitation with an

argon laser at 514 nm and emission with a long-pass filter above

530 nm. The fluorescence intensities of DAR-4M and nNOSNT-

YFP from the acquired images were measured by using a Zeiss LSM

Image Browser and IMAGEJ. We confirmed that the fluorescence of

YFP (blue) and DAR-4M (red) did not overlap each other by use of

PC12N (Supplementary material, Fig. S1A) and DAR-4M-loaded

PC12 (Supplementary material, Fig. S1B) cells. Increase in NO

formation by PACAP and NMDA was expressed as the ratio of

fluorescence intensity of DAR-4M to that prior to treatment.

Statistics
All data were presented as the mean ± SEM. Statistical analyses of

the results were made by Student’s t-test or the Mann–Whitney

U-test.

Results

Translocation of nNOSNT-YFP from the cytosol to the
membrane by PACAP and NMDA
The interaction between the NMDA-R and nNOS may occur
through the C-terminal tails of NMDA-R NR2 subunits and
the PDZ domain of nNOS directly or indirectly via PDZ-
PDZ interaction with PSD-95 and its associates (Alderton
et al. 2001; Oess et al. 2006). nNOS could also be anchored
to anionic phospholipids of the membrane by the CaM-
binding domain of the enzyme (Watanabe et al. 1998), and
the activity of nNOS was shown to be regulated in a complex
fashion by phosphorylation of Ser847 by calcium/CaM-
dependent protein kinase II (CaMKII) or of Ser1412 by Akt
kinase (Watanabe et al. 2003; Rameau et al. 2007). The N-
terminal extension unique to nNOS does not contain
phosphorylation sites or CaM-binding domain. Therefore,
to quantitatively examine the translocation of nNOS from the
cytosol to the membrane through protein-protein interactions
mediated by the PDZ domain in PC12 cells, we designed
nNOSNT-YFP containing the whole PDZ domain (1–299
a.a.) of nNOS (Fig. 1a), and established PC12 cells stably
expressing it, PC12N cells. In NGF-differentiated PC12N
cells, the expression of nNOSNT-YFP was confirmed by
western blot analysis (Fig. 1b). Although nNOSNT-YFP in
most cells was exclusively observed in the cytosol in NGF-
differentiated PC12N cells treated with vehicle, when NGF-
differentiated PC12N cells were simultaneously treated for
30 min with 100 lM NMDA and 1 nM PACAP, the foci
formation of nNOSNT-YFP was observed on the plasma
membrane of some cells in the microscopic field. Figure 1c
presents such cells before [Fig. 1c (i)] and after [Fig. 1c (ii)]
the treatment. When the fluorescence intensity was quantified
along the lines a¢-b¢ and c¢-d¢ [in Fig. 1c (i, ii)] using IMAGEJ,
the difference in the distribution of nNOSNT-YFP in PC12N
cells was evident, suggesting that nNOSNT-YFP was
translocated from the cytosol to the plasma membrane by
NMDA and PACAP and that the N-terminal region was
sufficient for the translocation of nNOS. To quantitatively
measure the translocation of nNOSNT-YFP to the plasma
membrane, we considered the cells showing the foci of
yellow fluorescence of nNOSNT-YFP on the membrane as
being positive for nNOS translocation in subsequent
experiments.

After 100 lM NMDA and 1 nM PACAP had been
simultaneously added, we examined the time course of the
translocation of nNOSNT-YFP to the plasma membrane in
NGF-differentiated PC12N cells (Fig. 2a). To evaluate the
translocation of nNOSNT-YFP to the plasma membrane in
PC12N cells, we counted the number of cells possessing foci
of yellow fluorescence of nNOSNT-YFP on their plasma
membrane and expressed this number as a percentage of the
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total cells examined. The translocation of nNOSNT-YFP to
the plasma membrane was observed in 12.0 ± 2.5% of the
cells before stimulation, and it increased in a time-dependent
manner and reached the plateau of 23.3 ± 0.73% of the
PC12N cells at 30 min. Next, we examined the concentra-
tion dependency of PACAP for the translocation of
nNOSNT-YFP in the presence of higher concentrations of
NMDA [Fig. 2b (i)]. Consistent with a previous report
(Arundine et al. 2003), whereas the translocation of
nNOSNT-YFP was not significant at concentrations less
than 500 lM NMDA in the absence of PACAP
(10.8 ± 0.99% at 0 lM NMDA vs. 13.9 ± 1.3% at
250 lM NMDA, p > 0.05), a significant increase was
observed above 500 lM (22.5 ± 1.1% at 500 lM NMDA,
p < 0.01). We previously demonstrated translocation of
nNOS protein from the cytosol to the membrane by
simultaneous stimulation with 100 lM NMDA and 1 nM
PACAP (Mabuchi et al. 2004). The translocation of
nNOSNT-YFP was maximally increased by 100 lM NMDA
in the presence of PACAP at 1–10 nM [Fig. 2b (i)]. As the
concentration-response curves for the translocation by

PACAP were apparently saturated at 1 nM with 100 lM
NMDA, the effect of PACAP was examined at concentra-
tions lower than 100 lM NMDA. While PACAP at 5 and
10 nM produced nNOSNT-YFP translocation maximally
with 10 lM NMDA, NMDA increased the nNOSNT-YFP
translocation in a concentration-dependent manner from 0 to
50 lM with PACAP at 1 nM [Fig. 2b (ii)].

Pituitary adenylate cyclase activating polypeptide and VIP
are neuropeptides belonging to the VIP-glucagon-growth
hormone releasing factor secretin superfamily and share 68%
homology at their N-terminal domain (Vaudry et al. 2000;
McCulloch et al. 2002). However, VIP failed to enhance the
translocation of nNOSNT-YFP to the plasma membrane in
the presence of 100 lM NMDA (11.4 ± 0.6% with vehicle
vs. 12.7 ± 0.47% with 100 lM NMDA + 50 nM VIP, n = 4,
p > 0.05) (Fig. 2c). These results demonstrate that PACAP
and NMDA synergistically caused translocation of nNOSNT-
YFP to the membrane in PC12N cells.

To examine whether the activation of NMDA-R was
involved in the translocation of nNOSNT-YFP, PC12N cells
were treated with NMDA and PACAP in the presence of the
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Fig. 1 Expression and translocation of yellow fluorescent protein-

tagged neuronal nitric oxide synthase (nNOS) N-terminal mutant

encompassing amino acid residues 1–299 (nNOSNT-YFP) in pheo-

chromocytoma (PC12N) cells. a) Schematic diagram of nNOS and

nNOSNT-YFP. The closed region represents N-terminal region con-

taining the PSD-95/disc large/zonula occludens-1 (PDZ) domain.

nNOSNT-YFP shows that YFP fused the C-terminus of the PDZ

domain of nNOS (1–299 a.a.). b) Expression of nNOSNT-YFP in

PC12N cells. Stable expression of nNOSNT-YFP was confirmed by

western blot analysis. Samples were separated by sodium dodecyl

sulfate–polyacrylamide gel electrophoresis on 15% gel and probed with

anti-nNOS antibody. c) Translocation of nNOSNT-YFP. After a 30-min

incubation of nerve growth factor-differentiated PC12N cells without

(i) or with (ii) 1 nM pituitary adenylate cyclase activating polypeptide

and 100 lMNMDA, the cells were fixed and fluorescence images were

acquired by a confocal microscope. The fluorescence intensity of

nNOSNT-YFP was quantified along the indicated lines by using IMAGEJ.

In these digital images, points a¢–d¢ represent the edge of the cells.
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Fig. 2 Translocation of neuronal nitric oxide synthase (nNOS) in

pheochromocytoma (PC12N) cells. a) Time course of translocation of

yellow fluorescent protein-tagged neuronal nitric oxide synthase

(nNOS) N-terminal mutant encompassing amino acid residues 1–299

(nNOSNT-YFP) elicited by NMDA and pituitary adenylate cyclase

activating polypeptide (PACAP). After nerve growth factor (NGF)-dif-

ferentiated PC12N cells had been incubated for the indicated times

with 100 lM NMDA and 1 nM PACAP, they were washed three times

with ice-cold phosphate-buffered saline and fixed with 4% parafor-

maldehyde. In each experiment, about 40 cells were examined at each

time point using a confocal microscope; and the cells showing foci of

yellow fluorescence of nNOSNT-YFP on their membrane were con-

sidered to be positive for nNOS translocation. Data (mean ± SEM,

n = 4) show cells displaying nNOSNT-YFP translocation as a per-

centage of total number of cells examined. b) Concentration depen-

dency of PACAP for the translocation of nNOSNT-YFP. After a 30-min

incubation of NGF-differentiated PC12N cells with higher (i) and lower

(ii) concentrations of NMDA with 0 nM (¤), 1 nM ( ), 5 nM (4) or

10 nM (s) PACAP, the translocation of nNOSNT-YFP was observed

by confocal microscopy. Data are presented as the mean ± SEM

(n = 4). c) Stimulation of the translocation of nNOSNT-YFP by

PACAP, but not by vasoactive intestinal peptide (VIP). After a 30-min

incubation of NGF-differentiated PC12N cells with vehicle, 100 lM

NMDA and 1 nM PACAP or 100 lM NMDA and 50 nM VIP, the

translocation of nNOSNT-YFP was observed under a confocal

microscope. Data are presented as the mean ± SEM (n = 4).

*p < 0.05 compared with the vehicle. d) Effect of NMDA-R antagonists

on the translocation of nNOSNT-YFP by NMDA and PACAP. After a

30-min incubation of NGF-differentiated PC12N cells with vehicle or

with 100 lM NMDA and 1 nM PACAP in the absence and presence of

100 lM MK-801 or 100 lM 2-amino-5-phosphonovaleric acid, the

translocation of nNOSNT was observed by confocal microscopy and

quantified. Data are presented as the mean ± SEM (n = 4). *p < 0.05

compared with the vehicle. #p < 0.05 compared with PACAP and

NMDA.
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NMDA-R antagonist MK-801 or APV. The translocation of
nNOSNT-YFP was increased by stimulation of NMDA and
PACAP (23.3 ± 1.4% with NMDA and PACAP, p < 0.05)
(Fig. 2d). The increase in the translocation was completely
blocked by NMDA-R antagonists (13.7 ± 1.2% by MK-801
and 13.5 ± 1.4% by APV). These results suggest that the
activation of NMDA-R was required for the translocation of
nNOSNT-YFP.

Expression of PACAP/VIP receptor, NMDA-R, and nNOS
mRNAs
To assign receptor subtypes for PACAP and NMDA involved
in the translocation of nNOSNT-YFP, we examined the
expression of PACAP/VIP family receptors, NMDA-R
subunits, and nNOS in PC12 and PC12N cells by RT-PCR.
Among the PACAP/VIP receptors, PAC1-R and VPAC2-R
mRNAs, but not VPAC1-R mRNA were expressed in PC12
cells and PC12N cells with the expected sizes regardless of
NGF treatment as detected by RT-PCR (Fig. 3). As the PCR
product corresponding to VPAC2-R was detected with 40
amplification cycles, many more than in the case of PAC1-R
(25 cycles), the expression level of PAC1-R was much higher
than that of VPAC2-R. Among the mRNAs of NMDA-R
subunits examined, NR1 and NR2B mRNAs, but not NR2A
mRNA were also constitutively expressed in PC12 cells and
PC12N cells. PSD-95, the scaffold protein interacting with
NMDA-R and nNOS was also constitutively expressed in
PC12 cells and PC12N cells. In contrast, nNOS mRNA was
expressed in PC12 cells and PC12N cells after NGF
treatment, consistent with the results of earlier experiments
(Schonhoff et al. 2001). These results demonstrate that
receptors necessary for the translocation of nNOS by NMDA
and PACAP were expressed in PC12 and PC12N cells and
suggest that PAC1-R was the predominant receptor of the
PACAP/VIP family in PC12N cells.

PACAP signaling pathway in translocation of nNOSNT-YFP
in PC12N cells
Pituitary adenylate cyclase activating polypeptide is coupled
to stimulation of both adenylate cyclase and phosphoinositide
metabolism via PAC1-R, and NMDA increases the [Ca2+]i via
its receptor. To clarify the signal transduction involved in
nNOS translocation by PACAP and NMDA, we first tested
the effect of protein kinase inhibitors on the translocation of
nNOSNT-YFP to the plasma membrane of PC12N cells
(Fig. 4a). The translocation of nNOSNT-YFP was increased
from 11.4 ± 0.26% to 27.4 ± 3.9% by 100 lM NMDA and
1 nM PACAP. This increase was blocked by 50 nM H-89, a
PKA inhibitor; 0.1 lM calphostin C, a PKC inhibitor; and by
1 lM PP2, an inhibitor of Src-family tyrosine kinase by
89.8%, 72.3%, and 93.1%, respectively; whereas 1 lM
KN-62, a CaMKII inhibitor, failed to inhibit the translocation
of nNOSNT-YFP significantly. These results suggest that the
activation of PKA and PKC as well as that of a member of the

Src kinase family was required for the translocation of
nNOSNT-YFP to the plasma membrane in PC12N cells.
Therefore we next tested whether forskolin, an activator of
adenylate cyclase, or PMA, a PKC activator would cause the
translocation in the place of PACAP (Fig. 4b). Treatment with
neither 10 lM forskolin nor 1 lM PMA alone resulted in
translocation in the presence of 100 lM NMDA. However,
simultaneous application of forskolin and PMAwith NMDA
stimulated the translocation of nNOSNT-YFP to the plasma
membrane two-fold, comparable to that obtained with
PACAP and NMDA (Fig. 2); but the addition to 4a-PMA,
an inactive form of PMA did not enhance the translocation of
nNOSNT-YFP with forskolin and NMDA.

When forskolin, PMA, and NMDA were simultaneously
applied to NGF-differentiated PC12N cells, the translocation
of nNOSNT-YFP reached a plateau at 15–30 min and then
gradually decreased to a level closer to that before stimula-
tion at 60 min (Fig. 4c). The decrease in the nNOS
translocation was attenuated by the addition of IBMX, a
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Fig. 3 mRNA expression of pituitary adenylate cyclase activating

polypeptide/vasoactive intestinal peptide receptors, NMDA-R subun-

its, and neuronal nitric oxide synthase (nNOS) in pheochromocytoma

(PC12) and PC12N cells. Cells were incubated without ()) or with (+)

50 ng/mL nerve growth factor for 5 days and total RNAs were ex-

tracted from the cells and subjected to RT-PCR using the primers

shown in Table 1. PCR products were analyzed by 2% agarose gel

electrophoresis and stained with ethidium bromide. b-actin was used

as the control.
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phosphodiesterase inhibitor, suggesting that the activation of
PKA following the increase in intracellular cAMP and that of
PKC were required for the translocation of nNOSNT-YFP.

Signal transduction coupled to PACAP and NMDA in PC12
cells
As the activation of PKA and PKC was involved in the
translocation of nNOS by PACAP and NMDA, we next
examined whether PACAP and NMDA stimulated the
intracellular cAMP production and increased the [Ca2+]i in
PC12 cells. Whereas NMDA did not produce cAMP in
PC12 cells even at 750 lM, PACAP at 1 nM increased the
intracellular cAMP level to 326 ± 48.6 pmol/well, compa-
rable to that by 10 lM forskolin, an activator of adenylate
cyclase (Fig. 5a). Whereas 1 lM PMA did not affect cAMP
formation by 10 lM forskolin, NMDA at 100 lM rather

reduced the cAMP formation with PACAP by 17.9% and
with forskolin by 41.3%. PACAP stimulated cAMP forma-
tion in a concentration-dependent manner from 0.1 nM to
10 nM with an EC50 value of 0.24 nM, which was
increased to 0.56 nM in the presence of 100 lM NMDA
(Fig. 5b).

Next we examined the effect of PACAP and NMDA on
[Ca2+]i in PC12 cells. While PACAP increased the [Ca2+]i in
PC12 cells at 10 nM, NMDA did not increase it at 100 lM
in the HBS solution or in the Mg2+-free HBS solution
supplemented with 50 lM glycine (Fig. 6a). PACAP in-
creased the peak level of [Ca2+]i in a concentration-depen-
dent manner with an EC50 value of 1.15 nM and NMDA did
not affect the concentration-response curve for PACAP (EC50

value = 1.25 nM) at 100 lM (Fig. 6b). Figure 6c shows a
representative of [Ca2+]i changes in 30–50 single cells
stimulated by PACAP and NMDA in the absence or presence
of NMDA-R antagonists. Whereas NMDA at 100 lM did
not increase the [Ca2+]i level by itself (Fig. 6a), it prolonged
the elevated level of [Ca2+]i by 1 nM PACAP in PC12 cells
(Fig. 6c). When a half time of the decay of the elevated
[Ca2+]i was calculated, NMDA significantly increased it from
1.46 ± 0.12 min to 2.96 ± 0.23 min (Fig. 6d). The prolon-
gation of the decay time by NMDA was reduced to
0.86 ± 0.14 min and 0.89 ± 0.12 min by MK-801 and
APV, respectively. These results suggest that PACAP
increased both cAMP and [Ca2+]i levels in PC12 cells via
PAC1-R and that the activation of NMDA-R affected the
duration of [Ca2+]i changes by PACAP in PC12 cells.
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Fig. 4 Signal pathways coupled to the translocation of neuronal nitric

oxide synthase (nNOS) by pituitary adenylate cyclase activating

polypeptide (PACAP) and NMDA. a) Effect of kinase inhibitors on the

translocation of yellow fluorescent protein-tagged nNOS N-terminal

mutant encompassing amino acid residues 1–299 (nNOSNT-YFP)

by PACAP and NMDA. After a 30-min incubation of nerve growth

factor (NGF)-differentiated PC12N cells with vehicle or with 100 lM

NMDA and 1 nM PACAP in the presence of 50 nM H-89, 1 lM KN-62,

0.1 lM calphostin C (cal C) or 1 lM PP2, the translocation of nNOSNT

was observed by confocal microscopy and quantified. Data are pre-

sented as the mean ± SEM (n = 4). *p < 0.05 compared with the

control; #p < 0.05 compared with NMDA and PACAP. b) Effect of

protein kinase A and protein kinase C activators on nNOS transloca-

tion. After a 30-min incubation of NGF-differentiated PC12N cells with

the indicated combinations of 1 lM phorbol 12-myristate-13-acetate

(PMA), 10 lM forskolin (FK), 1 lM 4a-PMA, and/or 100 lM NMDA,

the translocation was determined. Data are presented as the

mean ± SEM (n = 4). *p < 0.05 compared with the control. c) Effect of

the phosphodiesterase inhibitor, 3-iso-butyl-1-methylxanthine (IBMX)

on nNOS translocation. NGF-differentiated pheochromocytoma

(PC12N) cells were incubated for indicated times with 100 lM NMDA,

10 lM forskolin and 1 lM PMA in the presence ( ) or absence ()) of

100 lM IBMX and the translocation of nNOSNT-YFP was determined

by confocal microscopy. Data are presented as the mean ± SEM

(n = 4).
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Determination of N-terminal region of nNOS translocation
to the membrane
As shown in Fig. 7a, nNOSNT-YFP contains approximately
a 30-residue fragment forming a two-stranded b-sheet

structure (the b-finger) C-terminal to its canonical PDZ
domain (main body; Hillier et al. 1999; Tochio et al. 1999).
To determine the important region of nNOSNT-YFP for the
translocation of the enzyme and to examine whether the PDZ
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vasoactive intestinal peptide, 10 lM forskolin, and/or 1 lM phorbol

12-myristate-13-acetate. **p < 0.01 compared with no addition. Data

are presented as the mean ± SEM (n = 4–7). b) Concentration

dependency of PACAP for stimulating cAMP production in PC12 cells.

NGF-differentiated PC12 cells were incubated at 37�C for 15 min with

various concentrations of PACAP in the presence ( ) or absence ())

of 100 lM NMDA. The cAMP content in the cells was measured by

using the cAMP assay kit, as described in Materials and methods.

PACAP+NMDA

PACAP+NMDA+MK801
PACAP+NMDA+APV

R
at

io
 (

34
0 

nm
 / 

38
0 

nm
)

Time (min)

PACAP

NMDA + Mg2+ – Gly
NMDA – Mg2+ + Gly

R
at

io
 (

34
0 

nm
 / 

38
0 

nm
)

Time (min)

(a)

(c) (d)

(b)

0

0.5

1

1.5

2

2.5

0.1 1 10

R
at

io
 (

34
0 

nm
 / 

38
0 

nm
)

PACAP (nM)

+ NMDA

– NMDA

D
ec

ay
 ti

m
e 

(m
in

)

+ MK801 + APV
PACAP NMDA + PACAP

0

0.5

1

1.5

2

2.5

3

3.5
* * # # # #

0.7

0.8
0.9

1

1.1

1.2

1.3

1.4

1.5

0 1 2 3 4 5 6 7 8

0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7

0 1 2 3 4 5 6 7 8

Fig. 6 Effect of pituitary adenylate cyclase activating polypeptide

(PACAP) and NMDA on intracellular Ca2+ concentration ([Ca2+]i) in

pheochromocytoma (PC12) cells. a) Representative changes of

[Ca2+]i by PACAP or NMDA in PC12 cells. The changes in [Ca2+]i were

measured by 100 lM NMDA alone in HEPES-buffered saline solution

(HBS) (h) or Mg2+-free HBS with 50 lM glycine ( ) or 1 nM PACAP in

HBS (¤). The change in [Ca2+]i in fura-2-loaded PC12 cells was
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380 nm, as described in Materials and methods. b) Concentration
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or absence ()) of 100 lM NMDA. c) Representative traces of [Ca2+]i

change from single cells evoked by NMDA and PACAP in the absence

()) or presence of the NMDA-R antagonist MK-801 (h) or 2-amino-5-

phosphonovaleric acid (APV, ). d) Effect of NMDA-R antagonists on

the duration of elevated [Ca2+]i by PACAP and NMDA. The half-time of

the decay of elevated [Ca2+]i by 1 nM PACAP alone or 1 nM PACAP

and 100 lM NMDA without and with 100 lM MK-801 or APV was

calculated from individual traces of [Ca2+]i changes and data are

presented as the mean ± SEM (n = 30–60). **p < 0.01 compared with

PACAP alone. ##p < 0.01 compared with PACAP and NMDA.
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domain of nNOSNTwas responsible for coupling to NMDA-
R via the versatile scaffolding protein PSD-95, we con-
structed five truncated mutants of nNOSNT-YFP (Fig. 7a).
We stably transfected PC12 cells with the respective nNOS
truncation mutants and then examined the translocation of
these mutants to the plasma membrane (Fig. 7b). When the
cells were stimulated for 30 min with 100 lM NMDA and
1 nM PACAP, the nNOS mutants containing the b-finger of
the PDZ domain were translocated to the plasma membrane
to an extent similar to nNOSNT-YFP. On the other hand, the
nNOSNT (1–100) mutant lacking the b-finger was scarcely
localized at the plasma membrane prior to stimulation
(2.1 ± 1.2%), and the translocation to the membrane was
not increased by NMDA and PACAP (2.2 ± 0.98%). These
results demonstrate that b-finger of the PDZ domain of
nNOS was essential for nNOS to reach the plasma
membrane.

As the b-finger is the major contact region of nNOS for
binding to the PDZ2 domain of PDZ-95 (Hillier et al. 1999;
Tochio et al. 1999), we considered it likely that nNOSNT-
YFP interacted with PSD-95 on the plasma membrane when
PC12N cells were stimulated by PACAP and NMDA. To
address this possibility, we expressed nNOSNT-YFP, its
truncated mutants and Myc-PSD-95 in COS7 cells. A protein
extract from the cells transfected with the PSD-95-Myc
plasmid was mixed with one of cells transfected with the
plasmid for nNOSNT-YFP or one of its truncated mutants,
and immunoprecipitated with anti-c-Myc agarose (Fig. 7c).
Among the nNOSNT-YFP truncation mutants, nNOSNT
(1–100)-YFP was not precipitated with Myc-PSD-95. Being
consistent with the results of the translocation experiment
(Fig. 7b), these results also suggest that the b-finger was
indeed critical for the physical interaction with PSD-95.

Inhibition of NO production by the translocation of
nNOSNT-YFP
Previous studies demonstrated that NO formation was
stimulated by the nNOS translocation to the plasma mem-
brane by 100 lMNMDA and 1 nM PACAP (Arundine et al.
2003; Mabuchi et al. 2004). To further study whether
nNOSNT-YFP inhibited nNOS activation by NMDA and
PACAP, we examined NO production in NGF-differentiated
PC12 cells and PC12N cells loaded with the fluorescent NO
indicator DAR-4M. When NO formation was assessed by
fluorescence intensities of DAR-4M before and after 30-min
treatment with 1 nM PACAP and 100 lM NMDA, more
than 1.4-fold increase in the intensity was observed in 8 out
of 26 PC12 cells (30.7%), 11 out of 30 PC12 cells transfected
with YFP (36.7%), and in 8 out of 70 PC12N cells (11.1%).
Figure 8a and b respectively show a representative PC12 cell
transfected by YFP and PC12N cell before and after 30-min
incubation with 100 lM NMDA and 1 nM PACAP. In the
PC12 cell, NO formation (Fig. 8a, red line) was stimulated
by NMDA and PACAP. On the other hand, the addition of
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mean ± SEM (n = 4). *p < 0.05 compared with the control of PC12N

cells. ��p < 0.01 compared with PC12N cells treated with PACAP and
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NMDA and PACAP caused the focus formation of nNOSNT-
YFP in the PC12N cell and slightly increased NO formation
(Fig. 8b). The foci were evident on the cell body and the
neurites (Fig. 8b, a¢-b¢, c¢-d¢, blue line), where NO formation
was blocked (Fig. 8b, a¢-b¢, c¢-d¢, red line). To quantitatively
compare the NO formation by NMDA and PACAP in PC12
cells and PC12N cells, we used IMAGEJ to calculate the

fluorescence intensity of DAR-4M in the cell body along the
lines indicated in Fig. 8. Whereas NMDA and PACAP
significantly increased NO formation 1.31-fold in PC12 cells
and 1.35-fold in PC12 cells transfected with YFP, they
increased NO formation only 1.1-fold in PC12N cells
(Fig. 8c). These results suggest that nNOSNT-YFP attenu-
ated nNOS activation by NMDA and PACAP.
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Fig. 8 Yellow fluorescent protein-tagged neuronal nitric oxide syn-

thase (nNOS) N-terminal mutant encompassing amino acid residues

1–299 (nNOSNT-YFP)-mediated inhibition of NO formation by pituitary

adenylate cyclase activating polypeptide (PACAP) and NMDA in

pheochromocytoma (PC12N) cells. Representative images of nerve

growth factor (NGF)-differentiated PC12 cells transfected by YFP (a)

and by nNOSNT-YFP (equivalent to PC12N cells) (b) before (left) and

after (right) 30-min treatment with 1 nM PACAP and 100 lM NMDA.

The fluorescence intensity of diaminorhodamine-4M (DAR-4M) and

nNOSNT-YFP was quantified along the lines indicated as ‘a¢-b¢’ and
‘c¢-d¢’. The red and blue traces show the fluorescence intensity of

DAR-4M and YFP, respectively, on these lines. Before incubation with

100 lM NMDA and 1 nM PACAP, cells were loaded with DAR-4M for

20 min and then washed with HEPES-buffered saline solution. After

30-min stimulation with 100 lM NMDA and 1 nM PACAP, 2 mM L-

arginine was added and NO production was fluorometrically mea-

sured. (c) Increase in NO production caused by NMDA and PACAP in

PC12 cells, but not in PC12N cells. NGF-differentiated PC12 cells,

PC12 cells transfected with YFP (a) and PC12N cells (b) were treated

for 30 min with 100 lM NMDA and 1 nM PACAP. Fluorescence

intensity of DAR-4M before stimulation (open column) was taken as

100% and that after stimulation (closed column) was calculated as a

percentage of that before stimulation. Data are presented as the

mean ± SEM (n = 20–70). *p < 0.05 compared with before stimula-

tion. #p < 0.05 compared with PC12 or PC12 and YFP in the presence

of NMDA and PACAP.
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Discussion

We have recently demonstrated with Fyn and PACAP
knockout mice that phosphorylation of NR2B subunit of
NMDA-Rs at Tyr1472 by Fyn kinase may have dual roles in
the retention of NMDA-Rs in the PSD and in activation of
nNOS and that PACAP might promote the functional
coupling of nNOS and NMDA-Rs (Mabuchi et al. 2004;
Salter and Kalia 2004). All three isoforms of NOS are
targeted to distinct subcellular locations, and targeting of
NOS into the active compartments can be considered a
prerequisite for efficient NO production (Oess et al. 2006).
Although these NOS isoforms are all dimeric and bi-domain
enzymes, nNOS is unique in terms of its N-terminal PDZ
domain that targets it to synaptic sites in the brain and
skeletal muscle (Fig. 1a). Membrane localization of nNOS
in neuronal cells is mediated via the specific interaction of
the extended PDZ domain of the enzyme with the second
PDZ domain of PSD-95 (Brenman et al. 1996; Niethammer
et al. 1996). Although we further showed that simultaneous
addition of PACAP and NMDA caused the translocation of
nNOS from the cytosol to the membrane and stimulated NO
production in PC12 cells (Mabuchi et al. 2004), the
mechanism by which PACAP stimulated the translocation
of nNOS remained unknown. The structure and activity of
nNOS are regulated by complex phosphorylation and
dephosphorylation in catalytic domains (Watanabe et al.
2003; Rameau et al. 2007) and also by interaction of the
CaM-binding domain of nNOS with anionic phospholipids
in the membrane (Watanabe et al. 1998). To simplify the
analysis of translocation of nNOS and to visualize the
translocation in the cell, we designed a truncation mutant
containing the PDZ domain of nNOS and nNOSNT-YFP,
and established PC12N cells stably expressing it. The
translocation of nNOSNT-YFP was visualized as the
formation of foci of yellow fluorescence of nNOSNT-YFP
on the membrane (Fig. 1c) and occurred in a time- and
concentration-dependent manner after simultaneous stimula-
tion with PACAP and NMDA (Fig. 2a and b). The
concentration dependency of nNOSNT-YFP translocation
elicited by NMDA and/or PACAP was consistent with that
obtained by nNOS immunohistochemistry reported previ-
ously (Arundine et al. 2003; Mabuchi et al. 2004);
nNOSNT-YFP was translocated to the membrane above
500 lM NMDA alone, the concentration of which could be
markedly reduced to 10 lM in the presence of 5 nM
PACAP and to 50 lM in the presence of 1 nM PACAP
(Fig. 2b). nNOSNT-YFP was translocated to the membrane
in 10–12% of the cells before stimulation and maximally in
25–30% of the cells after the stimulation with 100 lM
NMDA and 1 nM PACAP. As nNOSNT-YFP translocation
by NMDA alone was also approximately 30% even at
1000 lM (Fig. 2b), the reason that PACAP could not
increase the maximum translocation might be ascribed to

the nature of NMDA-R as mentioned below, rather than that
of PAC1-R in PC12 cells.

Involvement of NMDA-R in the translocation of
nNOSNT-YFP
We previously demonstrated that translocation of nNOS
protein from the cytosol to the membrane and subsequent
NO production occurred by simultaneous stimulation of
1 nM PACAP with 100 lM NMDA (Mabuchi et al. 2004).
In the present study, PC12N cells stably expressing
nNOSNT-YFP showed that co-stimulation of PACAP with
NMDA enhanced nNOSNT-YFP translocation in a concen-
tration-dependent manner (Figs 1 and 2) and that nNOSNT-
YFP, but not YFP, inhibited NO production by nNOS
(Fig. 8), suggesting that nNOS translocation was involved in
NO production. NR1 and NR2 subunits of NMDA-Rs were
functionally expressed in PC12 cells (Casado et al. 1996)
and NO production by NMDA was observed by electron
paramagnetic resonance spectroscopy (Schelman et al. 1997)
and by a fluorescent NO indicator in PC12 cells in DMEM
(Arundine et al. 2003). NMDA neither increased the [Ca2+]i
by itself in HBS and Mg2+-free HBS solution with 50 lM
glycine (Fig. 6a) nor affected the concentration-response
curve of PACAP for the peak [Ca2+]i level (Fig. 6b).
However, the decay time of the elevated [Ca2+]i by PACAP
was prolonged by NMDA (Fig. 6c and d). This prolongation
of the decay time (Fig. 6d) and the translocation of
nNOSNT-YFP (Fig. 2d) by PACAP and NMDA were
inhibited by NMDA-R antagonists, APV and MK-801.
These results demonstrated that the activation of NMDA-R
was crucial for nNOS translocation and subsequent NO
formation.

Translocation of nNOSNT-YFP by PACAP via PAC1-R
Pituitary adenylate cyclase activating polypeptide is a
neuropeptide belonging to the VIP-glucagon-growth hor-
mone releasing factor-secretin superfamily. PACAP binds
with a high affinity to three G-protein-coupled receptors,
PAC1, VPAC1, and VPAC2. PAC1-R is known to bind also
VIP with a low affinity and is coupled to stimulation of both
adenylate cyclase and phosphoinositide metabolism, whereas
VPAC1-R and VPAC2-R bind VIP with an affinity similar to
that for PACAP and are coupled to the former only (Vaudry
et al. 2000; McCulloch et al. 2002). The present study
demonstrated that PACAP synergistically stimulated
nNOSNT-YFP translocation in PC12N cells in the presence
of 100 lM NMDA via PAC1-R for the following reasons: (i)
PAC1-R was expressed in PC12 and PC12N cells (Fig. 3),
(ii) VIP failed to translocate nNOSNT-YFP in PC12N cells
(Fig. 2c), (iii) PACAP increased the cAMP content and
[Ca2+]i in PC12 cells in a concentration-dependent manner
with EC50 values of 0.56 and 1.25 nM, respectively, in the
presence of 100 lM NMDA, (iv) increase in translocation
by PACAP and NMDA was almost completely inhibited by
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H-89, a PKA inhibitor, and by calphostin C, a PKC inhibitor,
but not by KN-62, a CaMKII inhibitor (Fig. 4a), and (v)
conversely, forskolin and PMA could substitute for PACAP
(Fig. 4b) and IBMX, a phosphodiesterase inhibitor, which
prolonged the presence of nNOSNT-YFP on the membrane
(Fig. 4c). These results demonstrate that PACAP stimulated
nNOSNT-YFP translocation mediated by PKA and PKC in
the presence of 100 lM NMDA. Whereas VPAC2-R mRNA
was expressed in PC12 cells (Fig. 3), VIP (10 nM) failed to
increase the cAMP content (Fig. 5a). As the effective
concentration of VIP is 3–4 orders higher than that of
PACAP (Deutsch and Sun 1992), the concentration of VIP
employed here was not high enough to activate PAC1-R.
Although NMDA alone at 750 lM did not increase the
cAMP content in the cells at all, it could increase nNOSNT-
YFP translocation in PC12N cells, suggesting that NMDA at
higher concentrations may translocate nNOS through a
signaling pathway different from that observed for PACAP
with 100 lM NMDA.

Role of PACAP signaling pathway for nNOS translocation
Src family kinases such as Src and Fyn are a crucial point
of convergence for signaling pathways that enhance
NMDA-R activity and act as a molecular hub for control
of NMDA-Rs (Salter and Kalia 2004). We have recently
shown that NMDA-Rs containing the NR2B subunit are
involved in the maintenance of neuropathic pain and that
Tyr1472 phosphorylation of this subunit by Fyn may have a
dual role, being involved in the retention of NMDA-R in
the PSD and in activation of nNOS (Abe et al. 2005).
PACAP signaling potentiated NMDA-R via PAC1-R [see
MacDonald et al. (2007) for a review]. The cAMP/PKA
pathway activated by PACAP releases the scaffold protein
receptor for activated C kinase-1 (RACK-1) from NR2B
and Fyn kinase. RACK-1 localizes Fyn in close proximity
with its substrate, the NR2B subunit, but prevents the
phosphorylation of the NR2B subunit until the appropriate
signal occurs (Yaka et al. 2002). The activation of the
cAMP/PKA pathway via PAC1-R causes the dissociation of
RACK-1 from the NMDA-R complex, allowing Fyn to
phosphorylate the NR2B subunit, resulting in enhanced
channel activity (Yaka et al. 2003). The PKC/Ca2+pathway
activated by PACAP is suggested to promote the phos-
phorylation of cell adhesion kinase b and its association
with Src. In the present study, we showed that a Src-family
kinase inhibitor, PP2, prevented nNOSNT-YFP from being
translocated to the membrane. Recent studies suggest that
RACK-1 serves as a hub for PKC, Fyn, and Src and
facilitates the regulation of basal NMDA-R activity in CA1
hippocampal neurons (Macdonald et al. 2005) and that
modulation of NMDA-R by Fyn, upstream of Src within
the RACK-1 complex is required for Src activation
(MacDonald et al. 2007). The present study showing that
the nNOS activation by PACAP and NMDA in PC12 cells

was mediated by PKA, PKC, and Src kinases is in line with
the regulation of NMDA-Rs by G protein-coupled receptors
observed in the hippocampus, but the significance of
activation of NMDA-Rs for nNOS translocation and the
identity of the proteins targeted by PKA and PKC in PC12
cells remain to be clarified.

Role of PDZ domain of N-terminus of nNOS in the nNOS
translocation and activation
Previous studies suggested that the binding of the b-finger of
nNOS to PSD-95 left the nNOS PDZ domain peptide-
binding pockets free to interact with other proteins such as C-
terminal tail of NR2 subunits of NMDA-R via PDZ-peptide
interactions (Christopherson et al. 1999; Oess et al. 2006).
However, the truncation mutants of nNOSNT-YFP revealed
that the b-finger (100–130 a.a.) of N-terminal PDZ domain
was crucial for the translocation to the membrane and
interaction with PSD-95 (Fig. 7). It should also be noted that
the percentage of translocation of nNOSNT-YFP ((1–100)
was markedly decreased before as well as after stimulation of
PACAP and NMDA. These results suggest that PSD-95
bound both the nNOS and NMDA-R on the membrane and
assembled them into a macromolecular signaling complex
where nNOS was under NMDA-R control (Sattler et al.
1999; Husi et al. 2000). Nine C-terminal residues of NR2B-
rendered cell-permeant by fusion to TaT protein (NR2B9c)
was previously shown to function as dominant negative and
protect cultured neurons from neurotoxicity and focal
ischemic brain damage (Aarts et al. 2002). In the present
study, we showed that nNOSNT-YFP also inhibited NO
formation in PC12N cells and neuritis (Fig. 8), demonstrat-
ing that the translocation of nNOS to the membrane may be
crucial for efficient NO formation at cell boundaries in PC12
cells, and possibly at synapses.

In summary, we established a fluorescence imaging
system for examining nNOS translocation in PC12 cells.
Unlike the other two isoforms of NOS that use lipid
modification for membrane trafficking, we have demon-
strated that the synergism of PACAP and NMDA was
critical for the translocation and activation of nNOS through
PKA, PKC, and Src kinase via PAC1-R and NMDA-Rs and
that the interaction of the b-finger of the nNOS PDZ
domain with PSD-95 was essential for the translocation of
nNOS.
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Abstract

Central sensitization, similar to long-term potentiation in the hippocampus, refers to the increased synaptic efficacy established in
somatosensory neurons in the dorsal horn of the spinal cord following tissue injury or nerve damage. In the course of inflammation,
many proteins including glutamate receptors are assumed to be dynamically reorganized in the postsynaptic density (PSD) and
involved in persistent pain. Mechanical hyperalgesia induced by intraplantar injection of complete Freund’s adjuvant (CFA) was
inhibited at 4 h, but not at 24 h, by indomethacin, an inhibitor of prostanoid synthesis. To elucidate the nature of the molecule(s)
involved in the late phase of inflammatory pain, we analysed the PSD fraction prepared from the lumbar spinal cord of rats before and
24 h after CFA injection by conducting two-dimensional differential gel electrophoresis. N-ethylmaleimide-sensitive fusion protein
(NSF) was identified as a downregulated protein in the PSD by MALDI-TOF MS and immunoblotting. Concomitant with the decrease
in NSF, GluR2 and GluR3 were decreased and GluR1 was conversely increased in the PSD fraction 24 h after CFA injection. In vivo
patch-clamp recordings of rats 24 h after CFA injection showed that excitatory postsynaptic currents of dorsal horn neurons evoked
by pinch stimuli to inflamed skin were inwardly rectified and inhibited by 60% by philanthotoxin-433, a selective inhibitor of the Ca2+ -
permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor. These results suggest that peripheral
inflammation gives rise to central sensitization in the spinal cord through subunit composition switch of AMPA receptors in the
late phase.

Introduction

Non-steroidal anti-inflammatory drugs such as aspirin and indometh-
acin are widely used for the treatment of inflammation and pain, and
they are thought to act via inhibition of prostanoid synthesis (Vane,
1971). The development of a variety of pain models in rodents has
promoted our understanding of the mechanisms that contribute to
enhanced nociceptive sensitivity in inflammatory pain and neuropathic
pain (Ito et al., 2001; Julius & Basbaum, 2001). It has been recently
proposed that spinal central sensitization may share common charac-
teristics of neural plasticity with other neural systems, such as in the
case of hippocampal long-term potentiation (LTP; Ji et al., 2003).

Glutamate is the main excitatory neurotransmitter at the vast
majority of excitatory synapses, acting via ionotropic receptors for
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPAR)
and N-methyl-d-aspartate (NMDAR). Each of these receptors com-
prises a hetero- or homomeric assembly of receptor subunits, GluR1–4
for the former and NR1–3 for the latter (Bredt & Nicoll, 2003;
Collingridge et al., 2004). Because NMDARs are voltage- and ligand-
gated and show high permeability to Ca2+, they have been considered

to play an essential role in activity-dependent synaptic plasticity. In
contrast, because the great majority of AMPARs in principal neurons
contain GluR2, this renders AMPARs impermeable to Ca2+; however,
GluR2-lacking Ca2+-permeable (CP)-AMPARs are expressed in
certain restricted neuronal populations and under certain pathological
conditions. There is currently much interest as to how these receptors
affect the regulation of synaptic transmission. Excitatory synapses in
the mammalian CNS are present mostly on dendritic spines, where
many proteins, including receptors, downstream signaling enzymes,
adaptor molecules and cytoskeletal proteins, are clustered in the
postsynaptic density (PSD) and become dynamically reorganized in
response to neural activity. This elaborated postsynaptic structure
provides a platform for regulation of glutamate receptor function and
thus synaptic plasticity. Although many studies show that spinal neural
plasticity contributes to persistent pain states, the exact mechanism of
the maintenance of pain after longer periods of inflammation remains
unknown. To address this problem, we analysed the PSD fraction
before and 24 h after inflammation by a proteomic approach using
two-dimensional differential gel electrophoresis (2D-DIGE), and
identified N-ethylmaleimide-sensitive fusion protein (NSF) as a
candidate molecule. Using in vivo patch-clamp recording in this
present study, we demonstrate that CP-AMPARs were involved in the
late-phase inflammatory pain by undergoing a switch in their subunit
composition.
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Materials and methods

Materials

Polyclonal antibodies against mouse PSD-95 (amino acid residues
1–64), mouse GluR1 (841–907), mouse NR1 (22–69), mouse NR2A
(1126–1408) and mouse NR2B (1–48) were raised in rabbits
(Watanabe et al., 1998; Fukaya & Watanabe, 2000; Shimuta et al.,
2001), and 2E5, a monoclonal antibody against recombinant NSF, was
prepared in mice as described previously (Tagaya et al., 1993).
Commercially available antibodies against GluR2 (Zymed, South San
Francisco, CA, USA), GluR3 (Chemicon, Temecula, CA, USA),
synaptophysin (BD Bioscience, San Jose, CA, USA) and actin (BD
Bioscience) were also used. Complete Freund’s adjuvant (CFA) and
philanthotoxin-433 (PhTx) were obtained from Sigma (St Louis, MO,
USA). All other chemicals were of reagent grade.

Animals

About 250 male 8-week-old Wistar rats were obtained from Shimizu
Laboratory Center (Hamamatsu, Japan) and Kyudo (Fukuoka, Japan).
Rats were housed under conditions of a 12 h light : dark cycle, a
constant temperature of 22 ± 2 �C and 60 ± 10% humidity. They
received food and water ad libitum. This study was conducted with the
approval of the animal care committees of Kansai Medical University
and Kyushu University, and carried out in accordance with the ethical
guidelines of the Ethics Committee of the International Association for
the Study of Pain and with the guidelines for the Care and Use of
Animals in the Field of Physiological Science of the Physiological
Society of Japan.

Behavioral study

The inflammatory pain model was made by injecting CFA (0.1 mL,
1 mg ⁄mL mycobacterium in oil) into the dorsal surface of one or both
hind paws of male 8-week-old Wistar rats. Inflammatory pain induced
by CFA was evaluated by paw withdrawal thresholds to mechanical
stimulation by calibrated von Frey filaments (Stoelting, Wood Dale,
IL, USA) in an ascending order five times at an interval of a few
seconds to the plantar surface of the hind paw from the mesh floor, as
described previously (Abe et al., 2005).

Preparation of P2 and PSD fractions

After anesthesia with ether, male 8-week-old rats were killed and the
PSD fractions were prepared from lumbar spinal cords at L4–L6 levels
before and 24 h after CFA injection, essentially as described by Carlin
et al. (1980). In the course of preparation of PSD fractions, the pellet
obtained by centrifugation of the homogenate at 13 800 g for 20 min
was used as the P2 fraction. The purity of the PSD fractions was
confirmed by immunoblotting with anti-PSD-95 and anti-synaptophy-
sin antibodies.

Immunoblotting

Aliquots (50 lg) of P2 and PSD fractions were subjected to 10%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE; 9 · 7 cm, 1 mm), and proteins were transferred electropho-
retically to polyvinylidene difluoride membranes. After blocking with
3% skim milk in a TBS-T buffer containing 0.1% Triton X-100,
150 mm NaCl and 10 mm Tris-HCl (pH 7.5) for 1 h at room
temperature, the membrane was incubated overnight at 4 �C with first

antibodies. The membrane was washed with the TBS-T buffer and
incubated for 1 h with anti-mouse IgG (1 : 10 000; GE Healthcare
UK, Little Chalfont, Buckinghamshire, England, UK), anti-rabbit IgG
(1 : 20 000; Biosource, Camarillo, CA, USA) or anti-rat IgG
(1 : 20 000; Jackson Immuno Research, West Grove, PA, USA)
horseradish peroxidase. The membrane was then washed four times
with the TBS-T buffer. The immunoreactivity was detected using
Enhanced Chemiluminescence (GE Healthcare). The intensity of
immunostaining was quantified by use of ImageJ.

2D-DIGE

PSD fractions (50 lg of each) prepared from lumbar spinal cords at
L4–L6 levels before and 24 h after CFA injection were dissolved in
10 mm Tris-HCl (pH 8.5) containing 7 m urea, 2 m thiourea and 4%
CHAPS, and labeled with 400 pmol of Cy3 and Cy5, respectively,
according to the manufacturer’s protocol. The mixed CyDye-labeled
samples were used to rehydrate 24-cm IPG strips (pH 3–10NL). The
first-dimension isoelectric focusing was performed using the IPGphor
system (GE Healthcare UK) for a total of 60 kVh. The strips were
equilibrated for 15 min in 50 mm Tris-HCl (pH 8.8) containing 6 m

urea, 30% glycerol, 2% SDS and 100 mm dithiothreitol, and then for
another 15 min in the same buffer, except that dithiothreitol was
replaced with 135 mm iodoacetamide. The equilibrated strips were
applied to a 10% isocratic gel for SDS–PAGE overnight at constant
current of 2 W ⁄ gel.
Cy3- and Cy5-labeled protein images were produced by excitation

at 532 and 633 nm, respectively, and emission at 580 ± 15 and
670 ± 15 nm, respectively, using the Typhoon 9410 Imager, and the
images were analysed using DeCyder (GE Healthcare UK). After
normalization by sample multiplexing of six PSD preparations in three
independent experiments by the DeCyder Differential In-gel Analysis
software module, the spot volume was used as a measure of protein
abundance, and its change in PSD fractions before and 24 h after CFA
injection was analysed by using the DeCyder Biological Variation
Analysis software module (Alban et al., 2003). Experiments of
2D-DIGE were done in triplicate and reproducible results were
obtained.

Mass spectrometry

Silver-stained proteins of interest were excised from the 2D-DIGE
gels, destained and in-gel digested as described by Gharahdaghi et al.
(1999). MALDI-TOF MS was carried out using a Voyager DE-PRO
(Applied Biosystems, Foster City, MA, USA) as described previously
(Katano et al., 2006). All spectra were obtained in a positive reflector
mode using an accelerating voltage of 20 kV. Database searches
were carried out using the MASCOT search program (http://www.
matrixscience.com) and NCBI protein databases. The specified
taxonomy was rat or mammal, and the specified initial mass tolerance
was 50–70 ppm.

Electrophysiology

In vivo patch-clamp recordings were carried out in inflamed rats
24 h after CFA injection into the hind paw essentially as described
previously (Furue et al., 1999). Briefly, under urethane anesthesia, a
thoracolumbar laminectomy was performed, and then the animal
was placed in a stereotaxic apparatus. The dura mater was removed,
and the pia-arachnoid membrane was cut to make a window large
enough to allow the patch electrode to enter the spinal cord. The
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surface of the exposed area of the spinal cord was irrigated with
Krebs solution (in mm: NaCl, 117; KCl, 3.6; CaCl2, 2.5; MgCl2,
1.2; NaH2PO4, 1.2; glucose, 11; NaHCO3, 25) equilibrated with
95% O2 ⁄ 5% CO2. Drugs were added to the Krebs solution used for
perfusion (Furue et al., 2007). The patch pipettes were filled with
K-gluconate solution for measurement of resting membrane poten-
tials, and a Cs pipette solution containing 0.1 mm spermine was
used for examination of the voltage dependence of synaptic
currents. The electrode was advanced into the substantia gelatinosa
(SG) of the dorsal horn, and then whole-cell voltage-clamp
recording configurations were blindly performed from SG neurons.
Membrane capacitance was extracted from the current response to
200-ms voltage steps from )70 to )60 mV, and the membrane
capacitance value was calculated by fitting the decay phase of the
current transient with a monoexponential function. Pinch stimulation
was applied to inflamed or uninflamed skin of the hind limb by
pinching the skin with a vice-like device fixed on a stand. The
current charges of pinch-evoked excitatory postsynaptic currents
(EPSCs) were obtained from the integration of the steady responses
for 1–2 s. The transient responses observed at the beginning and
end of the pinch stimulation were not included in the analysis. The
rectification index (RI) was calculated from pinch-evoked charge
responses recorded at +50 mV divided by the responses recorded at
)50 mV, as described previously (Tong & MacDermott, 2006).

Statistics

Data were analysed by using the Mann–Whitney U-test for compar-
ison between before and 24 h after CFA injection, and were presented
as the mean ± SD for immunoblots and the mean ± SEM for
behaviors. Data for electrophysiology were analysed by paired t-test
between inflamed and uninflamed skin stimulation, and were presented
as the mean ± SEM. P < 0.05 was considered statistically significant.

Results

Difference in molecules involved in inflammatory pain
between 4 and 24 h after CFA injection

To study functional molecules involved in inflammatory pain, we first
examined the effect of indomethacin, an inhibitor of prostanoid

synthesis, on the paw withdrawal threshold 4 and 24 h after CFA. The
paw withdrawal threshold to mechanical stimuli before the CFA
injection (8.81 ± 1.0 g in Fig. 1A; 10.0 ± 0.54 g in Fig. 1B) started to
decrease at 2 h, and the decrease continued for more than 24 h after
the injection (1.53 ± 0.30 g; Fig. 1B). Oral administration of
indomethacin (30 mg ⁄ kg) 4 h after the CFA injection (Fig. 1A)
significantly attenuated the decrease in the mechanical threshold at 6 h
(5.48 ± 1.1 g with indomethacin; 2.26 ± 0.79 g with vehicle). The
attenuation by indomethacin was 49.6% at 6 h and continued by 8 h
(Fig. 1A). The analgesic effect was not observed when indomethacin
was administered 24 h after the CFA injection (Fig. 1B). These results
suggest that molecules different from prostanoids may be involved in
CFA-induced inflammatory pain in the late phase.

Identification of NSF as a protein related to CFA-induced
inflammatory pain in the late phase

To elucidate a molecule(s) involved in the late phase of inflammatory
pain, we used 2D-DIGE to analyse the PSD fraction before and at 4 h
and 24 h after the CFA injection. The purity of the PSD fractions was
checked by immunoblotting with antibodies against PSD-95 and
synaptophysin, markers of PSD and presynaptic vesicles, respectively.
While synaptophysin was detected in P2 fractions, PSD-95 was not
detected in P2 fractions but enriched in PSD fractions (Fig. 2A). Thus,
the purity of PSD fractions was confirmed and used for the following
experiments.
CyDye-labeled protein images were reproducibly produced in three

independent PSD fractions prepared from spinal cords before and 24 h
after CFA injection (Fig. 2B). After normalization by sample
multiplexing in 2D-DIGE, when analysis of variance (anova) was
applied to matched spots and the data were filtered to retain spots with
anova P-values of 0.05 or less, 37 spots were significant. Among
them, two spots (arrows a and b in Fig. 2B and C) with high volume
and good separation from other spots were significantly decreased to
0.78–0.79 at 24 h after the injection (Fig. 2C), but not at 4 h (data not
shown), suggesting that they were unique to late-phase inflammatory
pain. Because a protein amount in the PSD fraction prepared from
L4–L6 spinal cords of 20 rats was just enough to run an analytical gel,
to identify the spots ‘a’ and ‘b’, in-gel-digested peptides of the spots
in the analytical gel were subjected to MALDI-TOF MS after silver
staining. The mass spectrum of the spot ‘b’ is shown in Fig. 3A. The

Fig. 1. Different effect of indomethacin on inflammatory pain 4 and 24 h after CFA injection. At 4 h (A) or 24 h (B) after CFA injection (time 0), the effect of
indomethacin on inflammatory pain was assessed from 2 to 4 h after a single p.o. administration (arrows) of 30 mg ⁄ kg indomethacin in 0.5% methylcellulose (d) or
vehicle (s). Data are expressed as the mean ± SEM (n = 6–12). *P < 0.05, **P < 0.01 vs. before CFA injection; #P < 0.05, ##P < 0.01 vs. vehicle.
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Fig. 2.

Fig. 3.
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probability-based MOWSE score was 278 with 33 peptides for NSF
(Fig. 3B), and the spot ‘b’ was thus identified as NSF (Fig. 3C). The
spot ‘a’ in Fig. 2B and C was also identified as NSF (data not shown).
The decrease was confirmed by immunoblotting with 2E5, an anti-
NSF antibody (Fig. 3D). These results show that NSF is a protein
related to inflammatory pain in the late phase.

Decrease in GluR2 or GluR3 subunits of AMPAR 24 h after
CFA injection

NSF, an ATPase that is involved in membrane fusion events, is
known to bind directly to GluR2 subunits (Bredt & Nicoll, 2003;
Collingridge et al., 2004). In order to clarify the nature of the
molecule associated with the reduction in the level of NSF, we
compared the expression level of AMPAR and NMDAR subunits in
the PSD fraction by immunoblotting (Fig. 4). The intensity of
immunoreactive bands of GluR2 and GluR3 subunits tended to
decrease in the PSD fraction 24 h after the CFA injection, but did
not change significantly. Conversely, other AMPAR and NMDAR

subunits examined here increased 24 h after CFA injection, and the
intensity of the GluR1 and NR2A subunits significantly increased to
1.14- and 1.40-fold of that before the injection. These results
suggest that continued nociceptor inputs induced reorganization of
subunits of AMPAR on synaptic membranes in the late phase of
inflammation.

Differences in inward rectification of pinch-evoked EPSCs and
polyamine toxin-sensitivity between SG neurons that had
receptive fields in inflamed and uninflamed skin

We hypothesized that the decreased expression of GluR2 subunits
altered the expression level of functional CP-AMPARs in the spinal
nociceptive pathways in inflamed rats. To test this hypothesis, we
recorded EPSCs in vivo evoked by cutaneous mechanical noxious
stimulation of SG neurons where nociceptive information was
monosynaptically transmitted through mostly Ad and C fibers, and
examined the sensitivity to a polyamine toxin and the inward
rectification as previously used for identification of CP-AMPARs in

Fig. 3. Identification of a protein downregulated during late-phase inflammation as N-ethylmaleimide-sensitive fusion protein (NSF). (A) In-gel-digested tryptic
fragments of the spot ‘b’ in Fig. 2B and C were analysed by MALDI-TOF MS. (B) The probability plot in MASCOT search programs for MS in (A) and identified as
NSF. (C) Amino acid sequence of rat NSF. The parts of the sequence in red correspond to the peptide fragments obtained by tryptic digestion of the spot ‘b’ in
Fig. 2B and C. (D) The PSD fractions (50 lg) prepared from the spinal cord before and 24 h after the CFA injection were applied onto 10% SDS–PAGE gels and
immunoblotted with anti-NSF monoclonal antibody 2E5. Data (mean, n = 3) are expressed as the ratio of the density after the CFA injection to that before it, and
statistical significance was examined by the Mann–Whitney U-test.

Fig. 2. Detection of spots downregulated during late-phase inflammation in the postsynaptic density (PSD) fraction. (A) PSD fractions were purified from rat lumbar
spinal cords by sucrose density gradient centrifugation. The purity of the fractions was checked by immunoblotting with anti-PSD-95 and synaptophysin antibodies.
(B) The PSD fractions (50 lg of each) before and 24 h after the complete Freund’s adjuvant (CFA) injection were labeled with Cy3 and Cy5, respectively, and
subjected to 2D-DIGE (24 · 20 cm). (C) All spots were quantitatively analysed using DeCyder, and significant spots ‘a’ and ‘b’ (arrows) in (B) were shown at a
higher magnification. The volume of spots ‘a’ and ‘b’ in (B) was also shown as 3D-view images. Data (n = 3) are expressed as the ratio of the density after the CFA
injection to that before it with anova.

Fig. 4. Decrease in the levels of GluR2 and GluR3, but not GluR1 and NMDAR subunits, in the PSD 24 h after CFA injection. (A) The PSD fractions (50 lg)
prepared from the spinal cord before and 24 h after the CFA injection were applied onto 10% SDS–PAGE gels and immunoblotted with antibodies against GluR1,
GluR2, GluR3, NR1, NR2A and NR2B. (B) Alteration of protein levels 24 h after CFA injection. Intensity of the protein bands was quantitatively measured by using
ImageJ. Data (mean ± SD, n = 3) are expressed as the ratio of the density after the CFA injection to that before it after normalization by actin. *P < 0.05 by the
Mann–Whitney U-test.
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dorsal horn neurons of slice preparations (Tong & MacDermott,
2006).
In inflamed rats 24 h after the CFA injection, whole-cell recordings

were obtained from 38 SG neurons with resting membrane potentials
of )59.6 ± 2.1 mV (n = 11) and input membrane resistances of
466 ± 51 MW (n = 7); these values were comparable to those for
normal rats (Furue et al., 1999). First, we examined sensitivities of
receptor antagonists applied to the surface of the spinal cord to EPSCs
and inhibitory postsynaptic currents (IPSCs) evoked in SG neurons.
All SG neurons tested exhibited spontaneous EPSCs and IPSCs at
holding potentials of )70 and 0 mV, respectively (Fig. 5A). Appli-
cation of a c-aminobutyric acid (GABA)A receptor antagonist,
bicuculline (20 lm), a glycine receptor antagonist, strychnine
(2 lm) and a non-NMDAR antagonist, 6-cyano-2,3-dihydroxy-7-
nitro-quinoxaline acid (CNQX; 20 lm), completely inhibited sponta-
neous EPSCs at a holding potential of )70 mV and spontaneous
IPSCs at a holding potential of 0 mV (Fig. 5B). At a holding potential
of +40 mV under the actions of these antagonists, SG neurons
exhibited spontaneous EPSCs having slower kinetics than those
recorded at )70 mV in the absence of receptor antagonists. The
supplemental addition of an NMDA receptor antagonist, D-APV
(50 lm), completely diminished the spontaneous EPSCs with slow
kinetics (Fig. 5C), suggesting that the slow EPSCs recorded at positive
holding potentials are mediated through NMDAR, and that EPSCs
evoked in the presence of bicuculline, strychnine and D-APV are
mediated predominantly through non-NMDAR.
Then, we tested whether the pinch-evoked EPSCs in SG neurons

that had receptive fields located in the inflamed skin (Fig. 6A)

exhibited inward rectification in the presence of bicuculline (20 lm),
strychnine (2 lm) and D-APV (50 lm). In the presence of these
receptor antagonists, all SG neurons tested exhibited spontaneous
EPSCs at a holding potential of )70 mV. Large amplitudes of EPSCs
(> 40 pA) were frequently observed in SG neurons that had receptive
fields located in the inflamed skin of the hind paw or lower leg
(n = 12) compared with the amplitudes of SG neurons that had
receptive fields located in the uninflamed skin of the upper leg or thigh
(n = 8; see spontaneous events in Figs 6B and C, and 7A and B). The
spontaneous events were completely inhibited by CNQX (20 lm,
n = 4), as previously shown in normal rats (Furue et al., 1999) and
GYKI52466 (100 lm, n = 3). Pinch stimulation applied to the skin
elicited a barrage of EPSCs with large amplitudes. Whereas the I–V
relationship of the pinch-evoked current charges for 1 s in the SG
neurons that had receptive fields located in the uninflamed skin (‘b’ in
Fig. 6A) was linear (Fig. 6C and D), that in the SG neurons having
receptive fields located in the inflamed skin (‘a’ in Fig. 6A) was
inwardly rectified (Fig. 6B and D). The average RI (0.36 ± 0.09,
n = 3) of pinch-evoked EPSCs in the SG neurons received from
inflamed skin was lower than that (1.16 ± 0.33, n = 3) from the
uninflamed skin (Fig. 6E).
Next, we examined the sensitivity of the pinch-evoked EPSCs to

a polyamine toxin in SG neurons. As shown in Fig. 7A, the
application of PhTx (20 lm), a CP-AMPAR antagonist, markedly
inhibited the pinch-evoked responses in SG neurons that had
receptive fields located in the inflamed skin, though EPSCs with
large amplitudes were still elicited at lower frequencies than those
in the control in the absence of PhTX, thus suggesting that the

Fig. 5. EPSCs and IPSCs evoked in SG neurons in inflamed rats, and the sensitivity of receptor antagonists. (A) Spontaneous EPSCs (left trace) and IPSCs (right
trace) elicited at holding potentials of )70 and 0 mV, respectively. (B and C) Application of 20 lm bicuculline (Bic), a GABAA receptor antagonist, 2 lm strychnine
(Stry), a glycine receptor antagonist, and 20 lm 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline acid (CNQX), a non-NMDA receptor antagonist, to the surface of the
spinal cord completely inhibited spontaneous EPSCs at )70 mV (B, left trace) and IPSCs at 0 mV (B, right trace). In the presence of these antagonists, SG neurons
exhibited spontaneous EPSCs with slow kinetics at +40 mV (C, left trace). Supplemental addition of 50 lm D-APV completely suppressed the slow EPSCs. Records
in (A), (B) and (C) were obtained from the same neuron.
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excitatory synaptic inputs in single SG neurons were mostly
mediated by CP-AMPAR. The amplitude of current charges of the
pinch-evoked EPSCs for 2 s was significantly decreased in the
presence of PhTx (control, 26.4 ± 6.5 pA*ms; in the presence of
PhTX, 10.7 ± 3.7 pA*ms; P < 0.01, n = 7; Fig. 7C). Even at the
same spinal level of the same rats, however, SG neurons with
receptive fields located in the uninflamed skin were insensitive to
PhTX (n = 5; Fig. 7B). The current charges of the pinch-evoked
EPSCs for 2 s did not change in the presence of PhTX (control,
15.2 ± 2.7 pA*ms; in the presence of PhTX, 16.0 ± 1.7 pA*ms;

P > 0.05, n = 5; Fig. 7D). No significant difference in the
membrane capacitance was found between the PhTX-sensitive and
-insensitive SG neurons (PhTX-sensitive, 44.5 ± 7.7 pF, n = 7;
PhTX-insensitive, 47.5 ± 7.9 pF, n = 5; P > 0.05).

Discussion

The activity-dependent central sensitization is only initiated by
nociceptor sensory input, and is characterized by increases in the

Fig. 6. Inward rectification and I–V relationship of pinch-evoked EPSCs in SG neurons having their receptive field located in the inflamed but not uninflamed skin.
(A) Schematic diagram of the inflamed hind limb showing the locations where pinch stimulation was applied. (B and C) The EPSCs recorded at different holding
potentials from neurons whose receptive fields were located in inflamed (B) or uninflamed (C) skin are shown. (D) I–V relationships for current charges shown in (B)
and (C). Pinch-evoked responses were recorded in stages starting from )70 to +50 mV. The response shown at the bottom of (B) was recorded at )50 mV again
(shown as the square in the I–V relationships), demonstrating that recording conditions remained unchanged during the examination and that the amplitude of the
responses was reproducible. (E) Rectification indexes (RI) calculated from pinch-evoked charge responses at +50 and )50 mV (see Materials and methods). Data are
expressed as mean ± SEM (n = 3).
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responsiveness of dorsal horn neurons leading to the reduction in
thresholds and the subsequent pain responses. Similar to hippocampal
LTP, post-translational regulation of AMPARs and NMDARs and
trafficking of AMPARs following phosphorylation have been sug-
gested to be two major mechanisms underlying synaptic plasticity (Ji
et al., 2003). While many groups including ours showed that AMPAR
and NMDAR subunits were phosphorylated in inflammatory and
neuropathic pain, trafficking of GluR1-containing AMPAR was not
shown to contribute to central sensitization in the spinal cord (Ji et al.,
2003). This was probably ascribed to the methods employed, i.e.
immunohistochemistry or immunoblot and electrophysiology, because
both phosphorylation and trafficking of AMPARs are rather rapid and
reversible phenomena (Liu & Cull-Candy, 2000; Bredt & Nicoll,
2003). Furthermore, inflammation induced the expression of late-
response genes such as prodynorphin, the substance P receptor, NK1
and synaptic scaffold protein Hormer 1a, as well as immediate-early
genes such as c-fos and cyclooxygenase-2 in the spinal cord (Ji et al.,
2002; Tappe et al., 2006). Although more than 100 molecules have
been implicated as mediators and modulators of synaptic plasticity in
spinal sensitization, little is known about the global in vivo protein
interactions within synapses in pain states. In light of high complexity
and cross-talk between AMPARs and NMDARs in the same synapses,
we first analysed the PSD fraction by use of proteomic technology and
identified NSF as protein related to inflammatory pain in the late phase
(Fig. 3). NSF is an ATPase important for general membrane fusion

events and functions to retain the expression of AMPARs containing
GluR2 on synaptic membranes by disassembling protein interacting
with C-kinase (PICK)–GluR2 complexes (Nishimune et al., 1998;
Hanley et al., 2002). Disruption of NSF–GluR2 interaction leads to
the functional elimination of AMPAR-containing GluR2 at synapses
(Luthi et al., 1999; Noel et al., 1999), and the subsequent GluR2
subunit composition switch induces some forms of LTP and long-term
depression (LTD) in the hippocampus and cerebellum. Consistent with
this notion, GluR1 was significantly increased in the PSD fraction
24 h after CFA injection, whereas GluR2 and GluR3 were decreased
(Fig. 4), suggesting that a composition switch of AMPARs may occur
in the process of central sensitization in the spinal cord during
inflammation.
GluR1 and GluR2 knockout mice showed alterations in

CP-AMPAR components in the spinal cord and subsequent
nociceptive plasticity in inflammatory pain models (Hartmann
et al., 2004). In addition to behavioral studies, CP-AMPARs are
supposed to be expressed on NK1-positive projection neurons and
GABAergic neurons of laminae I–IV of the spinal cord, where
primary afferents carrying nociceptive inputs terminate and make
synapses with spinal projection neurons in the nociceptive pathway
(Engelman et al., 1999; Tong & MacDermott, 2006). Although the
distribution of CP-AMPARs in the superficial dorsal horn suggests
their involvement in the processing of pain transmission, how these
receptors are dynamically reorganized in the course of pain states

Fig. 7. Philanthotoxin-433 (PhTx) sensitivity of pinch-evoked EPSCs in SG neurons whose receptive fields were located in inflamed or uninflamed skin. (A)
Inhibition of EPSCs elicited by pinch stimulation applied to the inflamed skin (‘a’ in Fig. 6A) by PhTx (20 lm) applied to the surface of the spinal cord. (B) PhTx-
insensitive pinch-evoked EPSCs in the neurons whose receptive field was in the uninflamed skin (‘b’ in Fig. 6A). (C and D) Effect of PhTx on pinch-evoked EPSCs.
Data are expressed as mean ± SEM (n = 7 for inflamed skin; n = 5 for uninflamed skin). **P < 0.01 vs. control.
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remains unclear. Different from LTP and LTD in hippocampal and
cerebellar slices observed by repetitive electrical stimulation, central
sensitization based on pain can be only evaluated by behaviors
evoked by cutaneous stimuli. Because trafficking of AMPARs is a
reversible process, spinal slices prepared from animal pain models
are not always suitable to analyse it by cobalt uptake and
electrophysiology. In vivo whole-cell recordings from SG in the
present study enabled us to analyse functional synaptic responses
by cutaneous mechanical stimuli. The mechanical input conveyed
to SG neurons by AMPAR through the glutamatergic Ad and
C primary afferent fibers and SG neurons receives excitatory inputs
from larger receptive fields throughout the hind limb than was
previously thought (Furue et al., 1999). So we took advantage of
this finding and recorded EPSCs in SG neurons in vivo in response
to noxious mechanical stimulation of inflamed and uninflamed skin
of the same animal. AMPAR channels containing edited GluR2
have a linear I–V relationship, and those that lack GluR2 are
inwardly rectifying due to a voltage-dependent block by endoge-
nous intracellular polyamines. Whereas the I–V relationship of the
pinch-evoked responses in the neurons with receptive fields in the
uninflamed skin was linear, that from inflamed skin was inward
rectified, and the RI values of pinch-evoked EPSCs were lower
from inflamed skin, 0.36 ± 0.09, than uninflamed skin, 1.16 ± 0.33
(Fig. 6E). Moreover, in the presence of PhTx, pinch-evoked EPSCs
were significantly decreased only for inflamed skin (Fig. 7).
Considering the previous observation that a mixture of Ca2+-
impermeable AMPARs and CP-AMPARs at synapses in laminae I
and III ⁄ IV showed RI indices between 0.4 and 1.0 in spinal slices
(Tong & MacDermott, 2006), synapses in SG neurons (lamina II)
receiving afferent inputs from uninflamed skin mostly contained
Ca2+-impermeable AMPARs, whereas those from inflamed skin of
the same animal mainly contained CP-AMPARs. Because enhance-
ment of synaptic activation of GABAergic interneurons is expected
to suppress nociceptive processing, it is likely that the switch to
CP-AMPARs from Ca2+-impermeable AMPARs occurred on excit-
atory neurons in the SG during inflammation, but the cell types
were not identified.

At mature synapses NMDARs are predominantly composed of
NR1 ⁄NR2A or NR1 ⁄NR2A ⁄NR2B assemblies, which associate
with scaffolding proteins such as PSD-95, and activity-dependent
regulation of NMDAR trafficking and internalization at synaptic
sites is thought to be an important way for modulating the efficacy
of synaptic transmission (Lau & Zukin, 2007). Coordinated
phosphorylation of C1 domain of NR1 by protein kinase C and
protein kinase A was shown to mediate the release of NR1 ⁄NR2
from the endoplasmic reticulum for subsequent traffic to synapse
(Scott et al., 2003). PSD-95 binds to the C-terminal binding motif
of NR2 and inhibited NR2B-mediated internalization (Roche et al.,
2001). Conversely, targeted disruption of PSD-93 reduced surface
expression of NR2A and NR2B and NMDAR-mediated EPSCs in
spinal dorsal horns without affecting synaptic AMPAR expression
and its synaptic function (Tao et al., 2003). Interestingly, whereas
PSD-93 knockout mice displayed intact nociceptive responses, they
attenuated the development of inflammatory pain after CFA
injection. Consistent with this, NR1, NR2A and NR2B tended to
increase in the PSD fraction 24 h after CFA injection (Fig. 4),
suggesting that the change of NMDAR expression on synaptic
membranes influences NMDAR-mediated synaptic function and
associated pain signaling. Although synaptic expression of AMPAR
and NMDAR is independently regulated by distinct mechanisms
(Lau & Zukin, 2007), the switch from GluR2-containing AMPARs
to CP-AMPARs and the increase in NMDAR in the PSD might

additively or synergistically direct to central sensitization mediated
by Ca2+-signaling in the spinal cord, leading to the maintenance of
inflammatory pain in the late phase.
It was previously suggested that one of the differences between

spinal central sensitization and LTP in the hippocampus is the
involvement, in the former, of cyclooxygenase-2, a rate-limiting
enzyme of prostanoid synthesis (Ji et al., 2003). However, the
present study did not show the involvement of cyclooxygenase
(Fig. 1) but instead showed the switch of AMPAR subunit
composition in the SG during the late phase of inflammatory pain
(Figs 6 and 7). It is known that animals become more refractory to
analgesics after longer periods of inflammation. The present study
may explain this phenomenon.
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Abstract—We investigated using the mice role of nitric oxide
synthase (NOS) in the spinal dorsal horn in herpetic and
postherpetic pain, especially allodynia, which was induced by
transdermal inoculation of the hind paw with herpes simplex
virus type-1 (HSV-1). The virus inoculation induced NOS2 ex-
pression in the lumbar dorsal horn of mice with herpetic allo-
dynia, but not postherpetic allodynia. There were no substantial
alternations in the expression level of NOS1 at the herpetic and
postherpetic stages. Herpetic allodynia was significantly inhib-
ited by i.p. administration of the selective NOS2 inhibitor S-
methylisothiourea, but not the selective NOS1 inhibitor 7-nitroi-
ndazole. NOS2 expression was observed around HSV-1 anti-
gen-immunoreactive cells. On the other hand, postherpetic
allodynia was significantly inhibited by i.p. administration of
7-nitroindazole, but not S-methylisothiourea. The activity of re-
duced nicotinamide adenine dinucleotide phosphate diapho-
rase, an index of NOS1 activity, significantly increased in the
laminae I and II of the lumbar dorsal horn of mice with posther-
petic allodynia, but not mice without postherpetic allodynia.
The expression level of NOS1 mRNA in the dorsal root gan-
glia was similar between mice with and without postherpetic
allodynia. The results suggest that herpetic and postherpetic
allodynia is mediated by nitric oxide in the dorsal horn and
that NOS2 and NOS1 are responsible for herpetic and pos-
therpetic allodynia, respectively. It may be worth testing the
effects of NOS2 and NOS1 inhibitors on herpetic pain and
postherpetic neuralgia in human subjects, respectively.
© 2007 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: herpes zoster, postherpetic neuralgia, nitric oxide
synthase isoenzymes, dorsal horn, primary sensory nerve.

Herpes zoster characterized by clustered vesicles and
severe pain is caused by the reactivation of human her-
pesvirus 3, varicella-zoster virus, in the sensory ganglion in
human subjects (Loeser, 1986). Patients with herpes zos-
ter complain of severe spontaneous pain and allodynia,
pain due to a non-noxious stimulus. Early treatment with
antiherpetic agents, such as acyclovir and vidarabine,
shortens the duration of skin lesions and complications
related to herpes zoster (Gnann, 1994). However, these
medicines do not promptly relieve acute herpetic pain
(Lancaster et al., 1995). In addition, although nonsteroidal
anti-inflammatory drugs such as diclofenac, antidepres-
sants such as amitriptyline and sympathetic nerve block
are used for the management of herpetic pain, these treat-
ments do not always relieve severe pain (Loeser, 1986;
Dworkin and Portenoy, 1996). In some herpes zoster pa-
tients, pain persists long after healing of the skin lesions,
which is postherpetic neuralgia (Loeser, 1986). Patients
with postherpetic neuralgia report various types of pain,
including a continuous burning or aching pain, a periodic
piecing pain, and tactile allodynia (Loeser, 1986). Once
established, postherpetic neuralgia is particularly difficult
to treat and is often resistant to conventional analgesics
(Argoff et al., 2004). The mechanisms of the induction and
maintenance of herpetic pain and postherpetic neuralgia
are still unclear.

We previously established mouse models of herpetic
pain and postherpetic pain using human herpesvirus 1 (her-
pes simplex virus type-1, HSV-1) (Takasaki et al., 2000,
2002). When mice are given transdermal HSV-1 inoculation
on the hind paw, they show herpes zoster-like skin lesions
throughout the inoculated dermatome and pain-related be-
haviors (Takasaki et al., 2000). Pain-associated behaviors
(herpetic pain) and vesicles become apparent 5 days after
inoculation and skin lesions heal by day 15 after inocula-
tion (Takasaki et al., 2000, 2002). In some mice, pain-
associated behaviors subside by day 20 after inoculation
and in the rest pain-associated behaviors (postherpetic
pain) last long after the skin lesions completely heal
(Takasaki et al., 2002).

Nitric oxide (NO) is produced mainly by nitric oxide
synthase-1 (NOS1, neuronal NOS) in normal nervous sys-
tem (Downen et al., 1999; Millan, 1999), but viral invasion
induces NOS2 (inducible NOS) expression (Fujii et al.,
1999; Christian et al., 1996; Dugas et al., 2001). Induction
of NOS2 expression produces beneficial antiviral effects
(Reiss and Komatsu, 1998). In addition, NO plays impor-
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thase; PBS, phosphate-buffered saline; qRT-PCR, quantitative reverse
transcription-polymerase chain reaction; S, sacral; SMT, S-methylisothio-
urea sulfate; TBS-T, Tris-buffered saline containing Tween; 7-NI, 7-nitroi-
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tant and complex roles in nociceptive modulation. There is
considerable evidence that NO is involved in the generat-
ing of spinal cord hyperexcitability and hyperalgesia in
some animal models of pain (Salter et al., 1996; Yoon et
al., 1998; Osborne and Coderre, 1999). However, the in-
volvement and role of NO in herpetic and postherpetic pain
is not clear. In the present study, we examined the roles of
NO and NOS isoenzymes in the spinal dorsal horn in
herpetic and postherpetic pain, especially allodynia in
mice.

EXPERIMENTAL PROCEDURES

Animals

Female C57BL/6j mice (Japan SLC, Shizuoka, Japan) were used;
they were 6 weeks old at the start of experiments. Housing (six per
cage) and behavioral experiments were done under controlled
temperature (22�1 °C), humidity (55�10%) and lighting (lighted
from 7:00 AM to 7:00 PM and during the behavioral test). Food
and water were freely available. Experiments were conducted with
the approval of the Animal Care Committee at University of
Toyama. Behavioral pain test was done according to the guide-
lines for investigations of experimental pain in animals published
by the International Association for the Study of Pain (Zimmer-
mann, 1983). All efforts were made to minimize the number of
animals used and their suffering.

HSV-1 inoculation

Mice were inoculated with HSV-1 as described previously (Takasaki
et al., 2000). Briefly, HSV-1 (7401H strain; 1�106 plaque-forming
units in 10 �l) was inoculated on the shin skin of the right hind paw
after scarification with 27-gauge needles. The contralateral hind paw
was without inoculation. At the development stage of skin lesions
(until day 8 after inoculation), they were scored as follows: 0�no
lesions; 2�one or two vesicles on the back; 4�many vesicles on
the back, the surrounding inoculated area, or both; 6�mild herpes
zoster-like lesions; 8�apparent zoster-like lesions, paw inflamma-
tion, or both; 10�severe zoster-like lesions. At the recovery stage
of skin lesions (from day 10 after inoculation), they were scored as
follows: 10�severe herpes zoster-like lesions; 5�the presence of
scabs flaking off from cutaneous lesions; 0�complete recovery of
the lesions (Takasaki et al., 2002).

Assessment of allodynia

Tactile allodynia of the hind paw was assessed as described
(Takasaki et al., 2000). After at least 30-min acclimation period,
von Frey filament with a bending force of 1.6 Nm (0.16 g) was
pressed perpendicularly against the plantar skin and held for 1–3
s with it slightly buckled. The responses to the stimulus were
ranked as follows: 0, no response; 1, lifting of the hind paw;
2, flinching or licking of the hind paw. The stimulation of the same
intensity was applied six times to each hind paw at intervals of
several seconds and the average served as pain-related score.
Since most of normal mice tested do not respond to von Frey
filament of 1.6 Nm strength, mice that show 0.5 or higher pain-
related scores were considered to have allodynia (Kuraishi et al.,
2004).

Agents

The selective NOS2 inhibitor S-methylisothiourea sulfate (SMT)
(Szabo et al., 1994) and the selective NOS1 inhibitor 7-nitroinda-
zole (7-NI) (Moore et al., 1993; Murakami et al., 2002) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA). SMT

was dissolved in physiological saline. 7-NI was dissolved in a
mixture of 10% dimethyl sulfoxide and 30% propylene glycol in
distilled water. Both drugs were administered intraperitoneally in a
volume of 0.1 ml/10 g body weight. The effects of the drugs on
herpetic and postherpetic allodynia were tested on day 6 and days
35–40, respectively, after HSV-1 inoculation.

Immunohistochemistry

Under deep anesthesia with sodium pentobarbital (70 mg/kg, i.p.),
the mice were perfused transcardially with phosphate-buffered
saline (PBS, pH 7.4) and subsequently with 4% paraformaldehyde
in PBS. The lumbar enlargement was removed and post-fixed in
the same fixative at 4 °C for 4 h. The tissues were then transferred
to 30% sucrose in PBS at 4 °C overnight for cryoprotection. They
were cut on a freezing microtome (Leica CM 3050S IV, Nussloch,
Germany) at a 40-�m thickness. After being preincubated in
blocking solution (1.5% fetal bovine serum and 0.2% Triton X-100
in PBS) for 30 min at room temperature, sections were incubated
with a rabbit anti-NOS2 antibody (1:200; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA) at 4 °C for 3 days. Subsequently
the sections were incubated for 2 h at room temperature with
either of the following reagents: 1) biotinylated anti-rabbit IgG
antibody (1:200; DAKO Japan Co. Ltd., Kyoto, Japan) and avidin-
Cy3 or FITC (1:500; Vector Laboratories, Inc., Burlingame, CA); or
2) Cy3-conjugated anti-rabbit IgG antibody (1:200; DAKO Japan
Co. Ltd.).

For double immunostaining, sections were reacted with the
anti-NOS2 antibody as mentioned above. Sections were then
further reacted with FITC-conjugated polyclonal rabbit anti-HSV-1
antibody (1:100; DAKO Japan Co. Ltd.) at 4 °C overnight. Fluo-
rescence signals were observed using Bio-Rad Radiance 2000
confocal system (Bio-Rad Microscopy Division, Cambridge, MA,
USA); sequential confocal images were collected at 2-�m steps
and were used to construct the fluorescence image of the whole
specimens.

Western blot analysis

The expression of NOS1 and NOS2 protein in the dorsal horn of
lumbar enlargement was analyzed by Western blot. Tissues were
homogenized with 100 �l of lysis buffer (137 mM NaCl, 20 mM
Tris–HCl (pH 7.5), 1% Nonidet P40, 1 mM phenylmethyl sulfonyl
fluoride, 10 �g/ml aprotinin, 1 �g/ml leupeptin, 10% glycerol) and
centrifuged at 5000 r.p.m. for 15 min at 4 °C. The protein extracts
(50 �g) were separated by 7.5% sodium dodecylsulfate–polyac-
rylamide gel electrophoresis and then transferred to a polyvinyli-
dene difluoride membrane. After blocking with 5% skim milk so-
lution for 1 h, the membrane was reacted with a rabbit anti-NOS1
antibody (1:1000; Santa Cruz Biotechnology, Inc.), a rabbit anti-
NOS2 antibody (1:500; Santa Cruz Biotechnology, Inc.) or a
mouse anti-�-actin monoclonal antibody (1:5000; Sigma Chemical
Co.) at 4 °C overnight. After washing with Tris-buffered saline
containing Tween (TBS-T; 100 mM NaCl, 10 mM Tris–HCl (pH
7.5), and 0.1% Tween 20), the membrane was reacted with horse-
radish peroxidase–conjugated anti-rabbit IgG antibody for NOS2
or anti-mouse IgG antibody for �-actin at a dilution of 1:5000 for
2 h at room temperature. After washing with TBS-T, the mem-
brane was reacted with chemiluminescence reagents (Amersham
Bioscience, Piscataway, NJ, USA) and signals were detected
using X-ray film. The density of the band was analyzed using NIH
Image program and values were normalized to �-actin.

Zymohistochemistry

The activity of reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) diaphorase is a reliable index of NOS1 activity
(Laing et al., 1994) and the distribution of NADPH diaphorase
serves as an index of the distribution of NOS1 activity (Mabuchi et
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al., 2003). The animals were anesthetized with sodium pentobar-
bital (50 mg/kg, i.p.) and transcardially perfused with 50 ml of
physiological saline followed by a fixative containing 4% parafor-
maldehyde in 0.12 M sodium phosphate (pH 7.4). Following dis-
section, spinal cords were postfixed overnight in the same fixative
at 4 °C and then kept in 0.1 M sodium phosphate buffer (pH 7.4)
containing 30% (w/v) sucrose for 1 day. Transverse L5 spinal cord
sections (40 �m thickness) were cut on a cryostat. The incubation
was carried out on free-floating sections for 2 h at 37 °C in a
reaction mixture containing 0.5 mg/ml �-NADPH, 0.2 mg/ml ni-
troblue tetrazolium and 0.25% Triton X-100 in 0.1 M PBS.

Sections of a set of naive mice and mice with and without
postherpetic allodynia 40 days after inoculation were simulta-
neously processed for zymohistochemistry and digital images
were captured under same conditions by using a charge-coupled
device camera mounted on an optic microscope (E-1000, Nikon,
Tokyo, Japan). The intensity of NADPH diaphorase staining in the
superficial dorsal horn (laminae I and II) was quantified with NIH
Image; an area of laminae I and II was specified and staining
intensity in the area was determined with the software. The num-
ber of NADPH diaphorase-positive neurons in the laminae I and II
was counted under a microscope.

Quantitative reverse transcription–polymerase
chain reaction analysis (qRT-PCR)

qRT-PCR was employed to measure the level of NOS1 mRNA in the
dorsal root ganglia. After decapitation under diethyl ether anesthesia,
the lumbar (L) and sacral (S) dorsal root ganglia at the L2–S1 levels
were rapidly removed. L2–L4 and L5–S1 dorsal root ganglia were
separately pooled in each animal to get mRNA adequate for reliable
qRT-PCR. Total RNA was isolated from the tissues with GenEluteTM

mammalian total RNA kit (Sigma Chemical Co.) according to the
manufacturer’s protocol. The first strand cDNA was synthesized from
total RNA using oligo (dT)16 primer and ReverScript® III (Wako Pure
Chemical Industries, Ltd., Osaka, Japan). qRT-PCR analysis was
performed using Mx3000PTM real-time PCR system (Stratagene Ja-
pan K.K., Tokyo, Japan) using SYBR® Premix Ex TaqTM reagent
(TaKaRa, Kyoto, Japan). The cDNA was amplified with the following
primers: 5=-GAATACCAGCCTGATCCATGGAA-3= (sense) and
5=-TCCTCCAGGAGGGTGTCCACCGCATG-3= (antisense) for
NOS1, 5=-CAAAGGTCATCCATGACAAC-3= (sense) and 5=-
TTACTCCTTGGAGGCCATGT-3= (antisense) for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). PCR was performed with
40 cycles (denaturation at 95 °C for 30 s, primer annealing at
52 °C for 30 s and elongation at 72 °C for 50 s). NOS1 mRNA
expression levels were normalized to GAPDH mRNA expression
in each sample.

Data analysis

The means of data are presented together with S.E.M. Data on the
time course of anti-allodynic effects were analyzed with the Fried-
man repeated-measures analysis of variance on ranks followed by
post hoc Dunnett’s test. Statistical differences between two
groups were analyzed with Student’s t-test or Mann-Whitney rank
sum test, and among three groups were with Kruskal-Wallis one-
way analysis of variance on ranks or one-way analysis of variance
with post hoc Dunnett’s test. A value of P�0.05 was considered
significant.

RESULTS

Development of herpetic and postherpetic allodynia

HSV-1 inoculation on the hind paw produced herpes zos-
ter–like skin lesions and induced allodynia in all mice ex-
amined. Vesicular lesion erupted on day 5 after inocula-

tion, peaked around day 7 and subsided by day 20 (Fig.
1A). Allodynia also became apparent on day 5 and then
gradually increased over a few days (Fig. 1B). In 5 of 15
mice, allodynia gradually subsided from day 8 and com-
pletely resolved by day 20 after inoculation (Fig. 1B). How-
ever, the rest (10 of 15) showed allodynia long after the
complete cure of the skin lesions (from day 20 to at least
day 40 after inoculation) (Fig. 1B). The mouse that showed
allodynia on day 20 was considered to have postherpetic
allodynia.

Effects of NOS inhibitors on herpetic and
postherpetic allodynia

I.p. injections of 7-NI at doses of 3 and 10 mg/kg did not
affect herpetic allodynia (Fig. 2A), but the same doses
produced the dose-dependent inhibition of postherpetic
allodynia; the effects peaked 1–2 h after injection and were
slightly reduced after 4 h (Fig. 2B). On the other hand, i.p.
injections of SMT at doses of 3 and 10 mg/kg produced the
dose-dependent inhibition of herpetic allodynia; the effects

Fig. 1. Time course of the development of skin lesions and allodynia
after HSV-1 inoculation. (A) Skin lesions. (B) Pain-related response to
von Frey filament with bending force of 1.6 Nm. Fifteen mice were
inoculated with HSV-1 unilaterally on the hind paw. All mice inoculated
had skin lesions and allodynia from day 5 to about day 20 after
inoculation. When mice showed allodynia on day 20, they were con-
sidered to have postherpetic allodynia. Of the mice inoculated, 10 had
postherpetic allodynia and 5 were free of allodynia. The data pre-
sented are means�S.E.M.
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peaked 1–2 h after injection and were slightly reduced after
4 h (Fig. 2C). Postherpetic allodynia was not affected by
SMT at the same doses (Fig. 2D).

Expression of NOS1 and NOS2 protein in the
lumbar dorsal horn

NOS1 was substantially present in the lumbar dorsal horn
of naive mice, and the expression level was not altered in
mice with herpetic allodynia and ones with or without pos-
therpetic allodynia (Fig. 3A, B). NOS2 was not detected in
the lumbar dorsal horn of naive mice, but it was markedly
induced on day 6 after inoculation (Fig. 3C). NOS2 induc-
tion subsided on day 40 in mice with or without posther-
petic allodynia (Fig. 3C). Fig. 3D shows the time course of
NOS2 induction during the acute phase. NOS2 was not
detected even on day 4, markedly induced on day 6, and
then gradually decreased on days 8 and 10.

NOS2- and HSV-1 antigen-immunoreactive cells
in the lumbar dorsal horn

In the lumbar dorsal horn ipsilateral to inoculation, HSV-1
antigen-immunoreactive cells were observed by days 5, 6
and 8 after inoculation, but not before days 3 and 10 after
inoculation (Fig. 4A). The number of the immunoreactive
cells peaked at day 6 after inoculation and markedly de-
creased on days 8 (Fig. 4A). The size of most NOS2-
immunoreactive cells was less than 20 �m. In the spinal
cord section prepared from the mouse at day 6 after inoc-

ulation, a few clusters of HSV-1 antigen-immunoreactive
cells were observed in the dorsal horn and NOS2-immu-
noreactive cells were localized in the same area (Fig.
4B–D). NOS2-immunoreactive cells were distributed
around the HSV-1 antigen-immunoreactive cells, but there
were no cells in which HSV-1 antigen and NOS2 immuno-
reactivities were co-localized (Fig. 4B–D). There were no
HSV-1- and NOS2-immunoreactive cells on the contralat-
eral dorsal horn (Fig. 4E–G).

NADPH diaphorase in the lumbar dorsal horn

The content of NOS1 in the lumbar dorsal horn was similar
between naive mice and mice with postherpetic allodynia
and NOS2 was not observed in the lumbar dorsal horn of
mice with postherpetic allodynia. Therefore, to determine
whether NOS activity would be altered in the mice with
postherpetic allodynia, we investigated NOS activity by
NADPH diaphorase histochemistry. NADPH diaphorase
activities were distributed mainly in the superficial dorsal
horn, especially laminae I and II (Fig. 5A–C). The intensity
of NADPH diaphorase staining and the number of cells
with NADPH diaphorase activity were similar between na-
ive mice and mice without postherpetic allodynia (Fig. 5A,
B, D and E). The intensity of NADPH diaphorase staining
was significantly increased in mice with postherpetic allo-
dynia (Fig. 5A, C and D). There was an increased tendency
of the number of cells with NADPH diaphorase activity in
mice with postherpetic allodynia (Fig. 5A, C and E).

Fig. 2. Effects of NOS inhibitors on herpetic and postherpetic allodynia. Mice were given an i.p. administration of the selective NOS1 inhibitor 7-NI
(A and B) and the selective NOS2 inhibitor SMT (C and D) on day 7 (A and C) or day 35–40 after inoculation (B and D). * P�0.05 as compared with
pre-administration (Dunnett’s test). The data presented are means�S.E.M. (n�5 or 6).
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Expression of NOS1 mRNA in the dorsal root ganglia

Increased activity of NADPH diaphorase in the laminae I
and II of the dorsal horn of mice with postherpetic allodynia
suggested that NOS activity was increased mainly in the
primary sensory fibers. The result that the level of NOS1
protein in the dorsal horn was not increased in the state of
postherpetic allodynia raised two possibilities; one is that
the turnover of NOS1 was increased and another is that
NOS1 activity was increased without alteration in the

NOS1 turnover. To address these questions, the levels
of NOS1 mRNA in the dorsal root ganglia, in which there
are the cell bodies of primary sensory fibers, were deter-
mined by qRT-PCR. In this study, mechanical stimuli were
applied to the hind paw, which are mainly innervated by
primary sensory neurons in the L5 and L6 dorsal root
ganglia. In our preliminary experiments, L3 dorsal root
ganglion was found to be most extensively infected with
HSV-1. Therefore, we determined NOS1 mRNA sepa-
rately at L2–L4 and L5–S1 levels. The expression of NOS1
mRNA in the dorsal root ganglia at the both levels was not
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Fig. 4. Expression of NOS2 in the dorsal horn cells negative for
HSV-1 antigen. (A) Time-dependent changes in the number of HSV-1
antigen-positive cells in the lumbar dorsal horn on the inoculated side.
(B–G) Double immunostaining of HSV-1 and NOS2. The spinal cord
was removed from mice on day 6 after inoculation and the lumbar dorsal
horns on the inoculated (B–D) and contralateral sides (E–G) were immu-
nostained for HSV-1 antigen (B and E) and NOS2 (C and F). (D, G)
Merged images of immunoreactive signals of HSV-1 and NOS2. The data
presented are means�S.E.M. (n�6).

Fig. 3. Effects of HSV-1 inoculation on the expression of NOS1 and
NOS2 in the lumbar dorsal horn. (A) Typical examples of Western blot
analysis of NOS1, NOS2 and �-actin. (B) Expression level of NOS1 in
mice with herpetic allodynia (HA, day 6 after inoculation) and mice with
or without postherpetic allodynia (PHA, day 40 after inoculation).
(C) Expression level of NOS2 in mice with HA and mice with or without
PHA. (D) Time-dependent alteration in the expression level of NOS2
during the HA stage. Naive mice and mice with HA were the same age.
The expression levels of NOS1 and NOS2 were normalized to that of
�-actin. The data presented are means�S.E.M. (n�4). * P�0.05 as
compared with naive (Dunnett’s test).
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altered in mice with or without postherpetic allodynia and
also mice with herpetic allodynia (Fig. 6).

DISCUSSION

NO is produced from L-arginine by NOS and acts as inter-
and intracellular messenger in a variety of cells and tissues
(Moncada and Higgs, 1993). NO mediates pathological
pain processing in the spinal cord (Meller and Gebhart,
1993). Behavioral evidence of NO involvement in pain
mainly comes from studies using intrathecal injection of
agents, in which the suppression of NO production with
NOS inhibitors blocked hyperalgesia and allodynia (Salter
et al., 1996; Dolan and Nolan, 1999; Osborne and
Coderre, 1999). In the present study herpetic allodynia
was significantly inhibited by the selective NOS2 inhibitor
SMT, but not the selective NOS1 inhibitor 7-NI. On the
other hand, postherpetic allodynia was significantly inhib-
ited by 7-NI, but not SMT. These results suggest that NO
is responsible for herpetic and postherpetic allodynia and
that NOS2 and NOS1 are involved in herpetic and pos-
therpetic allodynia, respectively. NOS2 was markedly in-
duced in the dorsal horn at the herpetic stage, supporting
the idea that NOS2-derived NO is responsible for herpetic
allodynia. On the other hand, NOS2 almost disappeared at

the postherpetic stage and NADPH-dependent NOS activ-
ity markedly increased in the lumbar dorsal horn of mice
with postherpetic allodynia, but not those without posther-
petic allodynia. These results support the idea that NOS1-
derived NO is responsible for postherpetic allodynia.

In the CNS, NO is thought to be primarily produced by
NOS1, which is Ca2�/calmodulin-dependent (Downen et al.,
1999; Millan, 1999). Ca2�-independent NOS2 is present in
macrophages and inflammatory cells while not normally
expressed in the brain and spinal cord (Guhring et al.,
2000; Van Dam et al., 1995). However, central virus infec-
tions induce NOS2 expression in the CNS (Fujii et al.,
1999; Christian et al., 1996; Dugas et al., 2001). The
production of NO by this isoenzyme is 10–100 times more
than that of the other constitutive isoenzymes, NOS1 and
NOS3 (Akaike and Maeda, 2000). Therefore, although
NOS1 is constitutively present at the herpetic stage, NO
produced by NOS2 rather than NOS1 may play an impor-
tant role in the herpetic allodynia. The degree of allodynia
was similar between day 6 and day 8–10 after inoculation,
but NOS2 expression was much less on day 8–10 than on
day 6. Therefore, the role of NOS2 in the allodynia may be
more important at the early phase than at the late phase of
herpetic pain.

Fig. 5. The activity of reduced NADPH diaphorase in the lumbar dorsal horn of mice with or without postherpetic allodynia (PHA). (A–C) Typical
examples of NADPH diaphorase staining of the lumbar dorsal horn. (D) The intensity of NADPH diaphorase staining in the laminae I and II. (E) The
number of neurons with NADPH diaphorase activity in the laminae I and II. The spinal cord was dissected from age-matched naive mice and mice with
or without PHA day 40 after inoculation. The data presented are means�S.E.M. (n�6). * P�0.05 as compared with naive (Dunnett’s test).
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Pathological studies on patients with herpes zoster
pain demonstrated inflammatory changes in the spinal
cord (Schmidbauer et al., 1992) and segmental atrophy of
the spinal dorsal horn (Watson et al., 1991; Haanpaa et al.,
1998), which might be induced by the virus centripetally
traveling along the dorsal root to the spinal cord (Devinsky
et al., 1991). These findings raise the possibility that the
invasion of varicella zoster virus into the spinal cord is a
cause of zoster pain. In the present study, HSV-1 antigen-
immunoreactive cells were observed in the lumbar dorsal
horn on days 5 and 6 after inoculation and the number of
the immunoreactive cells peaked on day 6 after inocula-
tion. The temporal pattern of HSV-1 proliferation was sim-
ilar to that of NOS2 expression. Similar results were re-
ported in an experimental model of HSV-1 encephalitis in
rats after intranasal inoculation (Fujii et al., 1999). The
temporal and spatial patterns of NOS2 expression coincide
with those of viral proliferation, suggesting that NOS2 ex-
pression is triggered by HSV-1 invasion and proliferation in
the spinal dorsal horn.

The size of most immunoreactive cells was less than
20 �m and in our preliminary experiments, NOS2 immu-
noreactivity was not observed in cells immunoreactive for

neuron-specific nuclear protein, a neuronal marker (Sasaki
et al., unpublished observations). Therefore, NOS2-immu-
noreactive cells may not be neurons. Viral infections of the
CNS induce the activation of glial cells and the infiltration of
macrophages and neutrophils which have the ability of
NOS2 expression (Fujii et al., 1999; Christian et al., 1996;
Andrews et al., 1999; Dugas et al., 2001). At present, the
type of NOS2-immunoreactive cells is unclear, but we are
trying to identify the type of dorsal horn cells expressing
NOS2 at the herpetic stage.

As mentioned above, NOS1, but not NOS2, may be
involved in postherpetic allodynia. NOS1 is abundant in the
normal dorsal horn and is localized mainly in neurons
(Downen et al., 1999; Millan, 1999). The activity of NOS1
generally depends on increase in intracellular calcium rather
than on the expression level of the enzyme (Downen et al.,
1999; Millan, 1999). In the present study, NADPH-dependent
NOS activity markedly increased in the laminae I and II of the
lumbar dorsal horn, suggesting the increase of NOS activity
in the primary sensory fibers. There were no substantial
alternations in the expression level of NOS1 protein in the
area of nerve fiber distribution (dorsal horn) and NOS1
mRNA in the area of nerve cell body distribution (dorsal
root ganglion). The results were similar to the report that
spinal nerve ligation increased NOS1 activity in spinal
dorsal horn with NOS1 immunoreactivity unchanged (Ma-
buchi et al., 2004). Taken together, it is suggested that
neuronal NOS1-derived NO is responsible for postherpetic
allodynia and that the increase of NOS activity is due to an
increase in intracellular calcium but not an increase in
synthesis or turnover of the enzyme.

Spinal sensitization contributes to pathological pain,
consisting of tissue injury–induced inflammatory pain and
nerve injury–induced neuropathic pain (Ji and Woolf,
2001). NO has been hypothesized to facilitate glutamate
release (Moncada and Higgs, 1993) leading to an ongoing
activity in primary afferents, increased sensitivity of dorsal
horn neurons and finally spinal sensitization (Ji and Woolf,
2001). NOS1 is normally a constitutive enzyme whose
activity is thought to depend on increase in intracellular
calcium after the activation of NMDA receptor, an iono-
tropic glutamate receptor that is voltage- and ligand-
gated and shows high permeability to Ca2� (Meller and
Gebhart, 1993). NMDA receptor is important in the syn-
aptic events that lead to spinal sensitization (Besson,
1999). Clinically, the NMDA receptor antagonist ket-
amine was reported to be effective in some patients with
postherpetic neuralgia (Eide et al., 1994). However, the
relatively common adverse effects such as fatigue, diz-
ziness and disturbances of somatosensory perception
limit its usefulness in treating pain (Klepstad et al., 1990;
Eide et al., 1994). NOS1 inhibitor may be an alternative
analgesic for postherpetic neuralgia.

CONCLUSION

In summary, HSV-1 invasion of the spinal dorsal horn
induced the expression of NOS2 in the dorsal horn and the
NOS2-mediated overproduction of NO is responsible for

Fig. 6. Effects of HSV-1 inoculation on the expression of NOS1
mRNA in the dorsal root ganglia. Mice were inoculated with HSV-1 and
the dorsal root ganglia at the L2–S1 levels on the inoculated side
were isolated from mice with herpetic allodynia (HA) on day 6 after
inoculation and mice with or without postherpetic allodynia (PHA)
on day 40 after inoculation. Age-matched naive mice were used for
control. The dorsal root ganglia at the L2–L4 (A) and L5–S1 levels
(B) were separately pooled and NOS1 mRNA was determined by
qRT-PCR analysis. The expression level of NOS1 mRNA was
normalized to GAPDH mRNA in each sample. The data presented
are means�S.E.M. (n�4).
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herpetic allodynia. On the other hand, postherpetic allo-
dynia was modulated by spinal NOS1, but not NOS2. It
may be worth testing the effects of NOS2 and NOS1
inhibitors on herpetic pain and postherpetic neuralgia in
human subjects, respectively.
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Fyn kinase-mediated phosphorylation of NMDA receptor
NR2B subunit at Tyr1472 is essential for maintenance
of neuropathic pain

Tetsuya Abe,1,2 Shinji Matsumura,1 Tayo Katano,1 Tamaki Mabuchi,1 Kunio Takagi,1 Li Xu,1 Akitsugu Yamamoto,3

Kotaro Hattori,4 Takeshi Yagi,4 Masahiko Watanabe,5 Takanobu Nakazawa,6 Tadashi Yamamoto,6

Masayoshi Mishina,7 Yoshihide Nakai2 and Seiji Ito1

Departments of 1Medical Chemistry and 2Psychosomatic Medicine, Kansai Medical University, Moriguchi 570-8506, Japan
3Nagahama Institute of Bio-Science and Technology, Nagahama 526-0829, Japan
4KOKORO Biology Group and CREST, Laboratories for Integrated Biology, Graduate School of Frontier Biosciences, Osaka
University, Suita 565-0871, Japan
5Department of Anatomy, Hokkaido University School of Medicine, Sapporo 060-8638, Japan
6Division of Oncology, Institute of Medical Science, The University of Tokyo, Tokyo 108-8639, Japan
7Department of Molecular Neurobiology and Pharmacology, Graduate School of Medicine, The University of Tokyo, Tokyo 113-
0033, Japan

Keywords: CP-101,606, knock-out mice, NADPH diaphorase, nitric oxide, prostaglandin E2

Abstract

Despite abundant evidence implicating the importance of N-methyl-d-aspartate (NMDA) receptors in the spinal cord for pain
transmission, the signal transduction coupled to NMDA receptor activation is largely unknown for the neuropathic pain state that lasts
over periods of weeks. To address this, we prepared mice with neuropathic pain by transection of spinal nerve L5. Wild-type, NR2A-
deficient, and NR2D-deficient mice developed neuropathic pain; in addition, phosphorylation of NR2B subunits of NMDA receptors at
Tyr1472 was observed in the superficial dorsal horn of the spinal cord 1 week after nerve injury. Neuropathic pain and NR2B
phosphorylation at Tyr1472 were attenuated by the NR2B-selective antagonist CP-101,606 and disappeared in mice lacking Fyn
kinase, a Src-family tyrosine kinase. Concomitant with the NR2B phosphorylation, an increase in neuronal nitric oxide synthase
activity was visualized in the superficial dorsal horn of neuropathic pain mice by NADPH diaphorase histochemistry. Electron
microscopy showed that the phosphorylated NR2B was localized at the postsynaptic density in the spinal cord of mice with
neuropathic pain. Indomethacin, an inhibitor of prostaglandin (PG) synthesis, and PGE receptor subtype EP1-selective antagonist
reduced the NR2B phosphorylation in these mice. Conversely, EP1-selective agonist stimulated Fyn kinase-dependent nitric oxide
formation in the spinal cord. The present study demonstrates that Tyr1472 phosphorylation of NR2B subunits by Fyn kinase may
have dual roles in the retention of NMDA receptors in the postsynaptic density and in activation of nitric oxide synthase, and suggests
that PGE2 is involved in the maintenance of neuropathic pain via the EP1 subtype.

Introduction

Glutamate is the main excitatory neurotransmitter at the vast majority
of excitatory synapses and is an essential component of experience-
dependent synaptic plasticity that may underlie the mechanism of
persistent pain, as well as that of learning and memory (Bliss &
Collingridge, 1993; Ji et al., 2003). The N-methyl-d-aspartate
(NMDA) receptor is an ionotropic glutamate receptor that is voltage-
and ligand-gated and shows high permeability to Ca2+ (Mayer et al.,
1984; MacDermott et al., 1986). These properties enable it to detect
coincident synaptic input and postsynaptic depolarization and to
mediate the effect of glutamate through activation of intracellular
signaling cascades, many of which are initiated by an increase in the
postsynaptic Ca2+ concentration. Functional NMDA receptor channels

are formed by the assembly of two classes of subunits, an essential
subunit NR1 (GluRf in mice) and modulatory subunits NR2A–NR2D
(GluRe1–GluRe4) (Nakanishi, 1992; Mori & Mishina, 1995). As there
are four NR2 subunits, which are distinct in their functional properties,
regulation, and temporal and spatial expression, they confer functional
variability to the receptor. The gene targeting strategy has revealed
their different physiological roles in synaptic transmission, plasticity
and development (Forrest et al., 1994; Ikeda et al., 1995; Sakimura
et al., 1995; Kadotani et al., 1996; Kutsuwada et al., 1996).
Chronic neuropathic pain is an important and largely unresolved

medical problem. Although there is extensive evidence to implicate
spinal NMDA receptors in nociceptive processing and pathological pain
(Meller & Gebhart, 1993; Scholz &Woolf, 2002), little is known about
the mechanism for the involvement of glutamate in the maintenance of
neuropathic pain that lasts over periods of weeks. Central sensitization
refers to the increased synaptic efficacy established in somatosensory
neurons in the dorsal horn of the spinal cord following inflammation or
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nerve injury. It has been proposed recently that there are striking
similarities rather than differences in the molecular mechanisms of
synaptic plasticity between spinal central sensitization and hippocampal
long-term potentiation (Ji et al., 2003). NMDA receptors are concen-
trated in the postsynaptic density (PSD), a specialized structure localized
in the inner part of the postsynaptic membrane, where they are
dynamically clustered with receptors, cytoskeletal proteins and signal
transducers including neuronal nitric oxide synthase (nNOS) (Husi &
Grant, 2001). We recently showed that the increase in nNOS activity in
the superficial dorsal horn of the spinal cord reflects a neuropathic pain
state even 1 week after nerve injury (Mabuchi et al., 2003) and that this
nNOS activation may be reversibly regulated by the translocation of
nNOS from the cytosol to the membrane in the presence of NMDA
(Mabuchi et al., 2004b). Because NMDA receptor channel activity is
modulated by protein kinases and phosphatases (Wang & Salter, 1994;
Yu et al., 1997), these findings together suggest that neuropathic pain is
maintained by phosphorylation and dephosphorylation of NMDA
receptors, which contributes to the regulation of postsynaptic responses
in the spinal cord.
The development of selective antagonists for the NR2B subunit has

provided a tool to examine the role of this subunit in pain transmission
under pathophysiological conditions (Chizh et al., 2001a). The NR2B-
selective antagonist CP-101,606 ((1S,2S)-1-(4-hydroxyphenyl)-2-(4-
hydroxy-4-phenylpiperidino)-1-propanol) showed anti-nociceptive
activity in both inflammatory and neuropathic pain without motor
dysfunction (Boyce et al., 1999). However, the involvement of
spinal NR2B receptors in nociceptive transmission is controversial
(Momiyama, 2000; Chizh et al., 2001b). Here we show that
phosphorylation of NR2B-containing NMDA receptors is crucial for
the maintenance of neuropathic pain and provide data that elucidate
the signal transduction pathways coupled to NR2B activation.

Materials and methods

Materials

Polyclonal antibodies against amino acid residues 1–48 of NR2B
(e2N) and phospho-Tyr1472 of NR2B (pY1472-NR2B) were raised in
rabbits as described previously (Watanabe et al., 1998; Nakazawa
et al., 2001). Commercially available antibodies against NR2B
(Upstate Biotech, Lake Placid, NY, USA), pY1472-NR2B (Calbio-
chem, La Jolla, CA, USA) and nNOS (Santa Cruz Biotech, Santa
Cruz, CA, USA) were also used. CP-101,606 was a gift from Pfizer
Inc. (New London, CT, USA). EP1-selective agonist (ONO-DI-004)
and antagonist (ONO-8713) were kindly donated by Ono Pharma-
ceutical Co. (Osaka, Japan).

Behavioral studies

All animal experiments were carried out in accordance with the
National Institutes of Health guide for the care and use of laboratory
animals and were approved by the Animal Experimentation Commit-
tee of Kansai Medical University. Mice lacking either the NR2A
(NR2A– ⁄ –; Sakimura et al., 1995) or the NR2D (NR2D– ⁄ –; Ikeda
et al., 1995) subunit of NMDA receptor channels or the Src-family
tyrosine kinase Fyn (Fyn– ⁄ –; Yagi et al., 1993) were obtained by the
gene targeting technique. Briefly, these knockout mice were generated
using TT2 embryonic stem cells derived from C57BL ⁄ 6 · CBA F1
hybrid mice. The resultant chimeric mice were crossed with C57BL ⁄ 6
mice to yield heteromeric F2 mice with a 75% C57BL ⁄ 6 genetic
background. These F2 heteromeric mice were further crossed with
each other to generate knockout and control lines and used here as
NR2 knockout mice and wild-type mice, respectively. The genetic

background of Fyn– ⁄ – mice employed here was purified ten times by
backcrossing to the C57BL ⁄ 6 strain and the calculated homogeneity
of the C57BL ⁄ 6 genetic background was > 99.99%. C57BL ⁄ 6 mice
were used as control wild-type mice. A model of inflammatory pain
was made by subcutaneous injection of complete Freund’s adjuvant
into the left dorsal hindpaw of mice (Guo et al., 2002). The
neuropathic pain model of selective transection of the L5 spinal nerve
(L5-SNT) was made as reported previously (Mabuchi et al., 2003),
prepared under sodium pentobarbital (50 mg ⁄ kg) anaesthesia.
To assess paw withdrawal thresholds, we applied calibrated von

Frey filaments (Stoelting, Wood Dale, IL, USA) in an ascending order
five times at an interval of a few seconds to the plantar surface of the
hindpaw from the mesh floor. The threshold was taken as the lowest
force required to elicit a withdrawal reflex of the paw.

Histochemistry

Mice were anesthetized by intraperitoneal administration of sodium
pentobarbital (50 mg ⁄ kg) and intracardially perfused with 50 mL of
physiological saline followed by a fixative containing 4% paraformal-
dehyde in 0.12 m sodium phosphate (pH 7.4). Spinal cords were
removed and immersed in the fixative for 4 h and then cryoprotected
overnight in 20% (w ⁄ v) sucrose in 0.1 m phosphate-buffered saline
(pH 7.4). Transverse L5 spinal cord sections (20 lm thick)were cut on a
cryostat and processed for immunohistochemistry with anti-NR2B
antibody (1 lg ⁄mL), pY1472-NR2B antibody (1 : 2000) or anti-nNOS
antibody (1 : 2000), and then with Cy3-conjugated goat anti-rabbit IgG
(1 : 300; Jackson ImmunoResearch, West Grove, PA, USA) as primary
and secondary antibodies, respectively. The slides were mounted with
Vectashield medium (Vector Laboratories, Burlingame, CA, USA) and
fluorescent images were captured with a cooled charge-coupled device
camera mounted on a fluorescence microscope (BX-50, Olympus,
Tokyo, Japan). nNOS activity and its distribution in the spinal cord were
determined by NADPH diaphorase histochemistry, as described by
Mabuchi et al. (2003). Incubation was carried out for 3 h at 37 �C.
Imageswere capturedwith a color cooled charge-coupled device camera
mounted on a microscope (E1000, Nikon, Tokyo, Japan).
Sections of a set of control and experimental tissues were

concurrently immunostained or simultaneously processed as for the
NADPH diaphorase reactions and images were captured under the
same conditions. The experiments were carried out 3–5 times and
similar results were obtained. The intensity of immunostaining and
NADPH diaphorase staining was quantified with Scion Image
(arbitrary units), and the number of NADPH diaphorase-positive
neurons was counted under a microscope.

Immunoelectron microscopy

The pre-embedding silver enhancement immunogold method was
used (Murata et al., 2002). Cryosections (6 lm) of the spinal cord
were reacted overnight with pY1472-NR2B antibody, and then
incubated with colloidal gold (1.4 nm in diameter)-conjugated secon-
dary antibody. The gold labeling was intensified by a silver
enhancement kit (Aurion R-Gent SE-EM, Wageningen, The Nether-
lands). Ultrathin sections were observed under an H7600 electron
microscope (Hitachi, Tokyo, Japan) at 80 kV.

Western blotting

Tissues were homogenized in a solubilization buffer containing 2%
SDS, 10 mm EDTA, 1 mm NaF, 1 mm Na3VO4, 1 mm PMSF,
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1 lg ⁄mL aprotinin, 1 lg ⁄mL leupeptin and 10 mm Tris–HCl
(pH 7.5), and the homogenates (50 lg for the spinal cord; 2.5 lg
for the hippocampus) were subjected to 6% SDS-PAGE, and proteins
were transferred electrophoretically to PVDF membranes. The mem-
brane was incubated overnight at 4 �C with rabbit polyclonal pY1472-
NR2B antibody at 1 lg ⁄mL and then incubated for 1 h with anti-
rabbit IgG horseradish peroxidase (1 : 20 000; Biosource, Camarillo,
CA, USA). The immunoreactivity was detected by using Enhanced
Chemiluminescence (Amersham Biosciences, Piscataway, NJ, USA).
After the pY1472-NR2B antibody had been stripped from the
membrane, the membrane was reprobed with rabbit polyclonal anti-
NR2B (e2N) antibody (1 lg ⁄mL). Western blotting was carried out
three times and similar results were obtained.

Measurement of nitric oxide (NO)

Slices (350 lm thick) obtained from lumbar segments L4–L6 of 2–3-
week-old mice were used for NO measurement. NO formation was
measured by use of the fluorescent NO indicator diaminofluorescein-
FM (DAF-FM) as the fluorescence intensity obtained by excitation at
480 nm, as reported previously (Mabuchi et al., 2004b). Optical
signals were recorded with the AQUACOSMOS imaging system
(Hamamatsu Photonics, Hamamatsu, Japan) with a cooled charge-
coupled device camera.

Statistics

Data were analysed by non-repeated measures anova or the Kruskal–
Wallis H-test. Statistical significance was further examined by paired
and unpaired t-tests, Wilcoxon t-test, Mann–Whitney U-test alone or
with Bonferroni correction, or Dunnett’s test. Data were expressed as
the mean ± SEM. P < 0.05 was considered to be statistically
significant.

Results

NR2B subunits are crucial for neuropathic pain

To clarify which NR2 subunit(s) is involved in neuropathic pain, we
assessed paw withdrawal thresholds before and after L5-SNT in wild-
type, NR2A– ⁄ – and NR2D– ⁄ – mice. Before the operation, wild-type,
NR2A– ⁄ – and NR2D– ⁄ – mice showed no difference in their
withdrawal threshold of the left paw to mechanical stimuli. On days
5–14 after L5-SNTwhen the inflammatory pain had subsided, the paw
withdrawal threshold to mechanical stimuli markedly decreased in the
paw on the side ipsilateral to the nerve injury, from 1.49–1.85 g to
0.06–0.17 g in wild-type, NR2A– ⁄ – and NR2D– ⁄ – mice, suggesting
that neither the NR2A nor the NR2D subunit was involved in the
initiation and maintenance of neuropathic pain (Fig. 1A).

As NR2B– ⁄ – mice could not be used for studies on pain behavior
because of neonatal death (Kutsuwada et al., 1996), we next examined
the analgesic effect of the NR2B-selective antagonist CP-101,606 in
wild-type mice on day 7 after L5-SNT, when neuropathic pain had
been established, as indicated by the reduced threshold on the
ipsilateral side on day 7 (Fig. 1B). Consistent with a previous report
(Boyce et al., 1999), CP-101,606 (30 mg ⁄ kg) significantly increased
the paw withdrawal threshold to 0.90 ± 0.25 g (n ¼ 6) on the
ipsilateral side of the nerve injury 1 h after oral administration without
motor dysfunction; the animal then returned to a neuropathic pain state
(0.31 ± 0.16 g) at 2 h (Fig. 1B). CP-101,606 did not affect the

threshold on the contralateral side (Fig. 1B). When assessed 1 h after
oral administration, CP-101,606 dose-dependently increased the
threshold of the injured paw to the mechanical stimulus (Fig. 1C).
These results thus suggest that the NMDA receptor containing NR2B
subunits is essential for the maintenance of neuropathic pain.

Fig. 1. Involvement of NR2B in the maintenance of neuropathic pain.
(A) Time course of paw withdrawal threshold on the ipsilateral side to L5-
SNT in wild-type (WT), NR2A– ⁄ – and NR2D– ⁄ – mice. (B) Effect of the
NR2B antagonist CP-101,606 on neuropathic pain in nerve-injured mice. Left:
paw withdrawal threshold in the ipsilateral (closed) and contralateral (open)
sides before and on day 7 after L5-SNT in wild-type mice. Right: time courses
of paw withdrawal threshold following oral administration of CP-101,606
(30 mg ⁄ kg) or saline on day 7 after L5-SNT. (C) Dose dependency of CP-
101,606 for the analgesic effect on paw withdrawal threshold in neuropathic-
pain mice 1 h after oral administration of CP-101,606. Values are the mean ±
SEM (n ¼ 6). **P < 0.01 as compared with day 0; �P < 0.05 as compared
with the saline-administered group.
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Tyr1472 phosphorylation of NR2B subunit with neuropathic pain

To clarify the mechanism for the involvement of NR2B subunits in
the maintenance of neuropathic pain, we examined the protein level
and tyrosine phosphorylation of NR2B subunits in the spinal cord
prepared from naive mice and neuropathic-pain mice on day 7 after
L5-SNT. Immunostaining with anti-NR2B antibody was restricted to
the superficial dorsal horn of the spinal cord, and NR2B expression
did not change between naive mice and neuropathic-pain mice or
by oral administration of CP-101,606 to the latter (Fig. 2A–C). By
contrast, whereas the spinal cord of naive mice was only negligibly
stained with the antibody against pY1472-NR2B, there was a
marked increase in the intensity of immunostaining in laminae I
and II inner (IIi) of the spinal cord of the pain-model mice, which
was reduced close to the basal level 1 h after oral administration of
CP-101,606 (Fig. 2D–F). To confirm this, the intensity of
immunostaining with anti-NR2B and pY1472-NR2B antibodies
was quantified by Scion Image. Whereas the intensities (mean ±
SEM, n ¼ 5) of NR2B immunoreactivity for naive mice, L5-SNT
mice and L5-SNT mice pretreated with CP-101,606 were
39.1 ± 8.1, 48.4 ± 12.7 and 42.1 ± 12.1, respectively, those
(n ¼ 4) of pY1472-NR2B immunoreactivity were 11.4 ± 1.3,
41.8 ± 0.4 (P < 0.01 as compared with naive mice) and
19.7 ± 4.2 (P < 0.05 as compared with L5-SNT mice), respectively.

The increase in pY1472-NR2B immunostaining was observed in
neuropathic-pain mice on day 3 (25.1 ± 1.1, n ¼ 3, P < 0.01 as
compared with naive mice) after L5-SNT (Fig. 3A–C), but not in
inflammatory-pain mice at all (Fig. 3D–F). These results suggest
that phosphorylation of NR2B subunits at Tyr1472 was involved in
the initiation and maintenance of neuropathic pain.

Coupling of nNOS to NR2B phosphorylation

We have recently demonstrated that NO production by nNOS is
involved in the maintenance of neuropathic pain and that inhibition
of NO production alleviates neuropathic pain (Mabuchi et al.,
2003). Similar to the distribution of Tyr1472-phosphorylated NR2B
subunits, nNOS immunoreactivity was localized in laminae I and IIi
of the dorsal horn in naive mice; and the expression and
distribution of nNOS protein did not change statistically signifi-
cantly (n ¼ 4) in the spinal cord of the model mice regardless of
oral administration of CP-101,606 (Fig. 2G–I). To examine further
the involvement of nNOS in neuropathic pain, we measured
NADPH diaphorase reactivity, a reliable marker of spinal nNOS
activity (Laing et al., 1994), in the dorsal horn of the lumbar spinal
cord. Consistent with pY1472-NR2B immunostaining (Fig. 2D–F),
although NADPH diaphorase-reactive neurons were sparsely distri-

Fig. 2. Increases in Tyr1472 phosphorylation of NR2B and nNOS activity in the spinal cord of neuropathic-pain mice. (A–L) Transverse sections of lumbar spinal
dorsal horn prepared from naive mice (A, D, G and J), mice on day 7 after L5-SNT (B, E, H and K), and mice pretreated for 1 h with CP-101,606 on day 7 after L5-
SNT (C, F, I and L) were immunostained with NR2B (A–C), pY1472-NR2B (D–F) and nNOS (G–I) antibodies or subjected to NADPH diaphorase staining (J–L).
Scale bar, 200 lm. (M) Intensity of NADPH diaphorase staining and number of NADPH diaphorase-positive neurons. The intensity of NADPH diaphorase staining
(open bars) was quantitated with Scion Image, and the number of NADPH diaphorase-positive neurons (closed bars) was counted in 16 sections from four mice for
each group. Values are the mean ± SEM. **P < 0.01 as compared with naive mice. (N) Immunogold electron microscopic localization of phosphorylated NR2B in
the spinal cord. Immunogold particles attached to secondary antibody complexed with the pY1472-NR2B antibody (arrowhead) were mainly found in the PSD.
Arrow indicates the synaptic terminal. Scale bar, 500 nm.

Fig. 3. No phosphorylation of NR2B subunit at Tyr1472 in the spinal cord of inflammatory-pain mice. Transverse sections of lumbar spinal dorsal horn prepared
from mice on day 1 (A and D), day 2 (B and E) and day 3 (C and F) after L5-SNT (A–C) or intraplantar injection of complete Freund’s adjuvant (D–F) were
immunostained with pY1472-NR2B antibody. Scale bar, 200 lm.
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buted and neuropiles were weakly stained in the superficial dorsal
horn of naive mice, the intensity of NADPH diaphorase staining
was obviously increased in the neuropathic-pain mice; this increase
was reversibly reduced to the basal level of naive mice 1 h after
oral administration of CP-101,606 (Fig. 2J–L). These changes in
NADPH diaphorase staining after treatment were confirmed by
measuring the intensity with Scion Image and counting the number
of NADPH diaphorase-positive neurons using 16 slices from four
mice (Fig. 2M). These results suggest a link between phosphory-
lation of NR2B at Tyr1472 and nNOS activation.
We also analysed the subcellular localization of Tyr1472-phosphor-

ylated NR2B by electron microscopy. Whereas the labeling was rather
sparse in the spinal cord of neuropathic-pain mice, immunogold
particles showing the presence of Tyr1472-phosphorylated NR2B
were mainly detected in the PSD (1.4 ± 0.22 per synapse, n ¼ 10;
P < 0.01 vs. naive mice and P < 0.01 vs. presynapse), but not in
presynaptic terminals (0.1 ± 0.1, n ¼ 10), of neuronal synapses
(Fig. 2N). Significant labeling was not detected by pY1472-NR2B
antibody in the PSD (0.3 ± 0.15, n ¼ 10) of the spinal cord of naive

mouse, and only a small number of gold particles were observed with
control rabbit or mouse IgG.

Tyr1472 phosphorylation of NR2B subunits by Fyn kinase

It was previously reported that Fyn kinase mainly phosphorylated
NR2B at Tyr1472 among seven tyrosine residues in vitro (Nakazawa
et al., 2001) and that the level of Tyr1472 phosphorylation of NR2B
was significantly reduced in Fyn– ⁄ – mice, which showed impaired
hippocampal long-term potentiation and spatial learning (Nakazawa
et al., 2001). To clarify the involvement of Tyr1472 phosphorylation
of NR2B in neuropathic pain and to specify the enzyme responsible
for it, we subjected Fyn– ⁄ – mice to L5-SNT. As shown in Fig. 4A, in
contrast to that for wild-type mice, the paw withdrawal threshold did
not change on the side ipsilateral to nerve injury of Fyn– ⁄ – mice
between before (1.63 ± 0.22 g, n ¼ 6) and on day 7 after L5-SNT
(1.57 ± 0.19 g), suggesting that Fyn kinase may play a crucial role
in the development of neuropathic pain. As compared with that

Fig. 4. Lack of neuropathic pain and Tyr1472 phosphorylation of NR2B in Fyn– ⁄ – mice after nerve injury. (A) Paw withdrawal threshold on the ipsilateral side
before and on day 7 after L5-SNT in wild-type (open bars) and Fyn– ⁄ – (close bars) mice. Values are the mean ± SEM (n ¼ 6). **P < 0.01 as compared with naive
mice. (B) Immunoblot detection of NR2B and Tyr1472-phosphorylated NR2B in a lysate from the dorsal half of the spinal cord at the L4–L6 level from wild-type
and Fyn– ⁄ – mice. Hippocampal lysate of wild-type naive mice was used as a positive control. (C and D) Immunostaining of spinal dorsal horn by pY1472-NR2B
antibody from wild-type (C) and Fyn– ⁄ – (D) mice on day 7 after L5-SNT. (E and F) NADPH diaphorase staining in spinal dorsal horn from wild-type
(E) and Fyn– ⁄ – (F) mice on day 7 after L5-SNT. Scale bars in D and F, 200 lm. (G) Intensity of NADPH diaphorase staining (open bars) and number of NADPH
diaphorase-positive neurons (closed bars) in 16 sections from four mice for each group. Values are the mean ± SEM. ��P < 0.01 as compared with wild-type mice.
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(41.8 ± 0.4, n ¼ 4) of wild-type mice in the neuropathic pain state
(Fig. 4C), the intensity (9.9 ± 0.4, P < 0.01 vs. wild-type mice) of
Tyr1472-phosphorylated NR2B immunostaining was negligible in the
dorsal horn of Fyn– ⁄ – mice (Fig. 4D). Immunoblot analysis showed
that an immunoreactive band with an apparent molecular mass of
180 kDa was similarly detected by anti-NR2B antibody in the left
dorsal half of the spinal cord prepared from naive mice and
neuropathic-pain mice of wild-type and Fyn– ⁄ – origin (Fig. 4B).
Tyrosine phosphorylation associated with a 180-kDa protein band
was faintly detected with pY1472-NR2B antibody in naive spinal
cord, and the level in the spinal cord was approximately 100-fold less
than that in the hippocampus of naive mice. The tyrosine phos-
phorylation increased 1.1-fold in wild-type mice (n ¼ 3, P < 0.01 vs.
Fyn– ⁄ – mice) on day 7 after L5-SNT, but was very weakly detected in
Fyn– ⁄ – mice regardless of L5-SNT. As compared with those for wild-
type mice, the intensity of NADPH diaphorase staining and the
number of NADPH diaphorase-positive neurons in the superficial
dorsal horn of the spinal cord were significantly lower in Fyn– ⁄ – mice
after L5-SNT (Fig. 4E–G). These results demonstrate that Fyn kinase-
mediated phosphorylation of NR2B at Tyr1472 is well correlated
with nNOS activation, which may lead to the development of
neuropathic pain.

Involvement of prostaglandin E2 in Tyr1472 phosphorylation
of NR2B via EP1 subtype

It is well known that non-steroidal anti-inflammatory drugs such as
aspirin and indomethacin produce analgesia by blocking the synthesis of
prostanoids. Among them, prostaglandin E2 (PGE2) is the principal pro-
inflammatory prostanoid; it exerts its actions through four PGE receptor
subtypes, EP1–EP4 (Narumiya et al., 1999; Ito et al., 2001). We
previously showed that CP-101,606 blocked allodynia, a tactile pain
often associated with neuropathic pain, induced via EP1 by intrathecal
administration of PGE2 (Minami et al., 2001a,b) and that neuropathic
pain did not appear in mice lacking membrane-associated PGE
synthase-1 (Mabuchi et al., 2004a). Tyr1472 phosphorylation of
NR2B in the superficial dorsal horn was markedly reduced in
neuropathic-pain mice pretreated for 3 h with oral administration of
indomethacin or for 30 min with intrathecal administration of ONO-
8713, an EP1-selective antagonist (Fig. 5A–C). When immunostaining
with pY1472-NR2B antibody was quantified by Scion Image, the
intensity (mean ± SEM, n ¼ 4) was decreased to 16.3 ± 1.8 (P < 0.01
vs. L5-SNT mice) and 13.3 ± 1.6 (P < 0.01 vs. L5-SNT mice) by
pretreatment with indomethacin and the EP1-selective antagonist,
respectively.

Fig. 5. Role of prostaglandin E2 in NR2B phosphorylation and NO formation. (A–C) Effect of indomethacin and EP1-selective antagonist on Tyr1472
phosphorylation of NR2B in the spinal cord of mice with neuropathic pain. Transverse sections of lumbar spinal dorsal horn were prepared from the pain-model mice
and immunostained by pY1472-NR2B antibody. The sources of the spinal cord were from mice without (A) or with pretreatment by oral indomethacin for 3 h
(B) or intrathecal EP1-selective antagonist for 30 min (C). Scale bar, 200 lm. (D–H) NO production by EP1-selective agonist in spinal slices in vitro. Fluorescent
image of DAF-FM-loaded transverse spinal section at L5 level prepared from wild-type mice (D) and NO formation in pseudocolor as ratio images before
(E) and 1 min after (F) the addition of 10 lm EP1-selective agonist are shown. Scale bar, 100 lm. Time courses of NO formation by EP1-selective agonist in the
spinal cord of wild-type (G) and Fyn– ⁄ – (H) mice. NO formation in DAF-FM-loaded spinal slices was measured at 15-s intervals. The rectangle in D indicates the
region in which fluorescent images obtained with excitation at 480 nm were monitored and broken lines indicate laminae in DAF-FM-loaded dorsal horn.
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We also examined whether the EP1-selective agonist ONO-DI-004
would enhanceNO formation in spinal slices loadedwith the fluorescent
NO indicatorDAF-FM. Figure 5D–G shows representative fluorescence
and ratio images ofNO formation, before and after the addition of 10 lm
ONO-DI-004, in the dorsal horn of spinal slices prepared fromwild-type
mice. The EP1-selective agonist increased NO formation in the
superficial layer (1.03 ± 0.004, P < 0.05 vs. Fyn– ⁄ – mice), but only
weakly in the deeper layer (1.02 ± 0.005, P < 0.05 vs. Fyn– ⁄ – mice), of
all spinal slices examined (26 slices from 17 mice). By contrast, NO
formation (1.00 ± 0.004 in the superficial layer, and 0.99 ± 0.004 in the
deeper layer) was not observed at all in the presence of ONO-DI-004 in
nine slices from four Fyn– ⁄ – mice (Fig. 5H).

Discussion

NMDA receptor-mediated currents are potentiated by Src-family
tyrosine kinases and suppressed by tyrosine phosphatases (Wang &
Salter, 1994; Yu et al., 1997). In the NMDA receptor complex, the

NR2A, NR2B and NR2D subunits are tyrosine phosphorylated in the
brain; the NR2B subunit is the major tyrosine-phosphorylated protein
in forebrain synapses (Moon et al., 1994). The present study
demonstrates that NR2B-containing NMDA receptors in the spinal
cord are responsible for the maintenance of neuropathic pain (Fig. 1)
and that NR2B phosphorylation at Tyr1472 by Fyn kinase is essential
for the maintenance of neuropathic pain (Fig. 4). As NR2B– ⁄ – mice
die perinatally (Kutsuwada et al., 1996), the NR2B-selective antag-
onist CP-101,606 was employed in the present study. NR2C– ⁄ – was
not examined due to predominant expression of this subunit in the
cerebellum (Mori & Mishina, 1995). Recent studies have shown that
NR2B subunits were phosphorylated at Tyr residue(s) by protein
kinase C and Src-family kinase in a rat model of acute inflammation
(Guo et al., 2002) and that the phosphorylation of NR2B subunits
occurred by coupling to a group I metabotropic glutamate receptor
(Guo et al., 2004). However, NR2B phosphorylation at Tyr1472 was
not observed in the superficial layer of the spinal cord in inflamma-
tory-pain mice (Fig. 3). NR2 subunits have unusually long C-terminal
tails that extend into the cytoplasm (Mori et al., 1995), and their

Fig. 6. Proposed mechanism for the maintenance of neuropathic pain. (A) Dual roles of Tyr1472 phosphorylation of NR2B at the synapse. (B) Func-
tional coupling of NMDA receptors and nNOS in the spinal cord leading to central sensitization in the spinal cord. In the state of neuropathic pain, PGE2 induces
Ca2+ influx through the EP1 subtype and releases glutamate (Glu) from synaptic terminals of primary afferent fibers. The released glutamate activates NMDA
receptors in the PSD and increases the intracellular Ca2+ concentration in the postsynaptic neuron, which leads to activation of nNOS and subsequent NO production.
NO then serves as intra- and intercellular messengers at synapses in the dorsal horn. Continuous production of PGE2 by persistent inputs from the periphery and
nNOS activation associated with NR2B phosphorylation at Tyr1472 by Fyn kinase sustain central sensitization in the spinal cord.
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importance was demonstrated by gene targeting (Mori et al., 1998;
Sprengel et al., 1998). Phenotypic defects in mice expressing
C-terminally truncated NR2B are similar to those in mice lacking
entire NR2B. The mutant mice die neonatally, and the mutation
greatly decreases the NMDA receptor-mediated component of hippo-
campal excitatory postsynaptic potentials, as this component is not
localized in synapses. Phosphorylation at Tyr1472 on the distal C-
terminus of NR2B, the major phosphorylation site in vitro, enhances
long-term potentiation in hippocampal region CA1, and is greatly
reduced in Fyn– ⁄ – mice (Nakazawa et al., 2001). The present study
demonstrates the similarity in the molecular mechanism of synaptic
plasticity between spinal central sensitization and hippocampal long-
term potentiation.

NMDA receptors are organized into multiprotein signaling com-
plexes within the PSD (Husi & Grant, 2001). Efficacy and specificity
in cellular signaling cascades are often mediated by the assembly of
multiprotein transduction networks. Signaling by Ca2+ ⁄ calmodulin
regulates nNOS activity in cerebellar neurons by calcium influx
through NMDA receptors, but not by non-NMDA receptors, demon-
strating that a mechanism exists to specifically couple NMDA
receptor-mediated calcium influx to nNOS (Garthwaite et al., 1988;
Kiedrowski et al., 1992). PSD-95, a member of the family of PSD
proteins containing PDZ domains, is known to bind the C-terminus
ESDV motif of NR2B subunits as well as nNOS through its second
PDZ domain (Fig. 6A). This binding couples the NMDA receptor
activity to NO production, which mediates NMDA-dependent excito-
toxicity (Sattler et al., 1999). In cultured cells, PSD-95 mediates the
interaction of tyrosine kinase Fyn with NR2A and NR2B receptor
subunits, this resulting in promotion of Fyn kinase-mediated tyrosine
phosphorylation of these subunits (Tezuka et al., 1999). We showed
here that NR2B phosphorylation at Tyr1472 and subsequent activation
of nNOS, as was visualized by NADPH diaphorase histochemistry in
the superficial dorsal horn of the spinal cord, were essential for the
maintenance of neuropathic pain (Figs 2 and 4). In this regard, PSD-
95 knockdown delayed the onset of mechanical and thermal
hyperalgesia in a model of neuropathic pain (Tao et al., 2001).
Interestingly, NR2B possesses the internalization motif YEKL
(Fig. 6A), which includes the phosphorylation site of Tyr1472, and
PSD-95 inhibits NR2B-mediated internalization (Roche et al., 2001).
Phosphorylated NR2B was detected in the PSD of the dorsal horn of
neuropathic-pain mice (Fig. 2N), but not in that of naive mice.
Therefore, the C-terminal tail of NR2B subunits has a dual function in
NMDA receptor-mediated signal transduction and in their synaptic
localization, which are both likely to be regulated by Tyr1472
phosphorylation. The present study demonstrates that these mecha-
nisms observed with long-term potentiation in the hippocampus are
fundamental to the maintenance of neuropathic pain in the spinal cord
that lasts over 1 week.

How is the central sensitization leading to neuropathic pain
maintained? Because the antinociceptive effect of CP-101,606 was
transient and reversible (Fig. 1B), clearance of CP-101,606 from the
cerebrospinal fluid might have allowed resumption of central sensi-
tization in the spinal cord by inputs from the peripheral nerve-injured
region. As PGE2 is known to stimulate the release of glutamate from
spinal slices via the EP1 subtype, which is linked to Ca2+ mobilization
(Nishihara et al., 1995), it has been proposed that one of the actions of
PGE2 on primary sensory neurons is the facilitation of neurotrans-
mitter release (Ji et al., 2003). Pretreatment with indomethacin or an
EP1-selective antagonist reduced Tyr1472 phosphorylation of NR2B
in the neuropathic-pain mice in vivo (Fig. 5B and C). By contrast, an
EP1-selective agonist stimulated NO formation in the superficial
dorsal horn of the spinal cord, which did not occur in Fyn– ⁄ – mice

(Fig. 5H). The disappearance of neuropathic pain in membrane-
associated PGE synthase-1 knockout mice supports the involvement
of PGE2 in the induction and maintenance of neuropathic pain that
lasts for one week (Mabuchi et al., 2004a). At present, more than 100
molecules have been proposed to be mediators and modulators in
spinal central sensitization and subsequent generation of pain
hypersensitivity (Ji et al., 2003), and long-term neural plasticity such
as transcriptional phenotype change in nociceptors (Neumann et al.,
1996) and sprouting of Ab fibers into the superficial layer of the spinal
cord (Woolf et al., 1992) has been considered to be involved in
neuropathic pain. However, we propose a model in which the
functional coupling of NMDA receptor activation by Tyr1472
phosphorylation of NR2B subunits and nNOS is fundamental to
central sensitization in a state of neuropathic pain (Fig. 6B).
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Down-regulation of Cl− pump ClP55 subunit induced
enhancement of glutamate neurotoxicity in cultured rat
hippocampal neurons
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To test whether the increased intracellular Cl− concentration ([Cl−]i) is responsible for the
enhanced glutamate toxicity, antisense oligonucleotide of ClP55, a Cl−-ATPase/pump
associated protein, was transfected in cultured rat hippocampal neurons. Neuronal [Cl−]i
in the antisense oligonucleotide-transfected culture increased to a level 3- to 4-fold higher
than that in control. Glutamate exposure (10 μM, 10 min) increased neuronal apoptosis and
decreased Akt-pS473 level in the antisense oligonucleotide-transfected neurons, but not in
control or sense oligonucleotide-transfected ones, suggesting the responsibility of elevated
[Cl−]i in the enhancement of glutamate neurotoxicity.

© 2006 Published by Elsevier B.V.
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We previously reported that pathophysiological concentra-
tions of amyloid β (Aβ) proteins (1–10 nM) reduced neuronal
Cl−-ATPase activity with an increase in the intracellular Cl−

concentration ([Cl−]i) and enhancement of glutamate neuro-
toxicity in cultured rat hippocampal neurons (Yagyu et al.,
2001). Since such Aβ-induced enhancement of glutamate
neurotoxicity was not observed when the neurons were
cultured in a low Cl− medium (Zhang et al., 2006), an increase
in neuronal [Cl−]i was supposed to be responsible for the
enhancement. To test this possibility, effects of increased [Cl−]i
by a method other than Aβ-treatment on glutamate neuro-
toxicity were examined. Cl−-ATPase is a candidate for an
outwardly directed active Cl− transport system (ATP-depen-
dent Cl− pump) in neurons (Shiroya et al., 1989), and a cDNA
encoding one of its subunits, 55 kDa protein (ClP55), has
already been cloned (GenBank Accession No.: AF332142)
(Kitagawa et al., 2001). In the present study, we used ClP55

antisense oligonucleotides to increase neuronal [Cl−]i and
examined whether such an increase in [Cl−]i enhances
glutamate neurotoxicity in primary cultured rat hippocampal
neurons.

ClP55 antisense or sense oligodeoxynucleotides were
labeled with Cy3, phosphothioated and purified by high-
performance liquid chromatography: antisense, 5′-ACCAGCG-
TAGCGGCGAA-3′ (+12 relative to the ATG starting signal);
sense, 5′-TTCGCCGCTACGCTGGT-3′ (+12).

Hippocampal tissues of 19-day-old Wistar rat embryos
were triturated in Ca2+- and Mg2+-free Hank's solution as
described previously (Yagyu et al., 2001). The cells were
suspended in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 2 mM L-glutamine, 100 IU/ml penicillin G
sulfate, 10% fetal calf serum (FCS) and 10% horse serum. The
cells were seeded in poly-L-lysine-coated plastic dishes at a
density of 2.5×105 cells/cm2. After incubation for 2 days, the
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cells were exposed to 5 μM adenine-9β-arabinofuranoside
(Ara-A) inmodified Eagle'smedium (MEM) supplementedwith
2 mM L-glutamine and 5% horse serum for 4 days. On the 8th
day of culture, the culturemediumwas replacedwithMEM-5%
horse serum. Sense or antisense oligodeoxynucleotide (0.5 μg/
ml) and LipofectAMINE 2000 (1.2 μl/ml; Life Technologies,
Rockville, MD, USA)were separately diluted in DMEM-10% FCS,
and incubated at 37 °C for 30 min. Cells were washed with
DMEM-10% FCS, overlaid with DMEM-10% FCS to which the
DNA-lipid complexes were added, and then incubated at 37 °C
for 1 h. The medium was replaced with DMEM-10% FCS, and
3 days later the cells were used to measure [Cl−]i.

[Cl−]i was measured as described previously (Hara et al.,
1992). Dissociated hippocampal cells were cultured on poly-L-
lysine-coated coverslips in plastic dishes, and treated as
described above. The cells were washed with modified
Krebs–HEPES buffer solution containing 128 mM NaCl,
2.5 mM KCl, 2.7 mM CaCl2, 1 mM MgSO4, 20 mM HEPES and
16 mM glucose, exposed to 5 mM N-(6-methoxyquinolyl)-
acetoethyl ester (MQAE), a Cl−-sensitive fluorescent dye, in the
same buffer solution at 37 °C for 1 h, and then washed with a
dye-free buffer solution. Fluorescence intensity of each single
cell was measured using a fluorescence reflected uplight
microscope BX50 (Olympus, Tokyo, Japan) with a Quantix1400
camera and IPLab softwarewith UV excitation and emission at
360 and 510 nm, respectively. The [Cl−]i was estimated to be a
value corresponding to the initial fluorescence intensity on a
calibration line for MQAE fluorescence and Cl− concentration.

For monitoring glutamate excitotoxicity, cells cultured on
poly-L-lysine-coated coverslips in plastic dishes were treated
with sense or antisense oligodeoxynucleotides as described
above. The cells were exposed to glutamate (10 μM, 10 min) on
the 11th day of culture, and examined for apoptotic neuronal
death after another 2 days (Kitagawa et al., 2001). Cells were
fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 1 h, stained with dibenzimidazole dye, Hoechst 33258
(10 μg/ml) (Araki et al., 1987) in PBS for 1 h, and then analyzed
in fluorescence microscopy using an excitation and emission
wavelength at 346 and 460 nm, respectively. More than 100
pyramidal cell-like neurons for each coverslip were counted.

For Western blots, the cells were rinsed with cold PBS and
lysed in a lysis buffer containing 50 mM Tris/HCl at pH 7.5,
150 mM NaCl, 1% NP40, 0.1% sodium dodecyl sulfate (SDS),
0.5% deoxycholate, 50 mM NaF, 0.2 mM Na3VO4, 1 mM
ethylenediamine tetraacetic acid (EDTA) and complete pro-
tease inhibitor cocktail (Roche Applied Science, Mannheim,
Germany) on ice for 1 h. The lysates were clarified by
centrifugation at 10,000×g for 5min. Aliquots (20 μg of protein)
of lysates were mixed with the same volume of Laemmli
loading buffer, and boiled for 5 min. Samples were separated
by electrophoresis on a 7.5% SDS polyacrylamide gel, trans-
ferred to polyvinylidene difluoride membrane, and blotted
with Akt-pS473 antibody (Sigma, St. Louis, MO, USA; 1:1000).
Membrane was reprobed by anti-Akt antibody (Sigma, St.
Louis, MO, USA; 1:1000) to show the total Akt level.

Data were expressed as mean±SE. Differences between
groups were evaluated by one-way analysis of variance
(ANOVA) followed by Fisher PLSD test. When only two groups
were compared, Student's t-test was used. The differences
betweenmeans with P<0.05 were considered to be significant.

As shown in Fig. 1, [Cl−]i of the cultured rat hippocampal
neurons treated with antisense oligonucleotides of ClP55
increased to 26.5±5.5 mM, i.e., a level 3- to 4-fold higher
than that in control (7.3±1.3 mM). Treatment of the neurons
with sense oligonucleotides did not affect the [Cl−]i.

Glutamate-induced neurotoxicity in these neurons was
examined using Hoechst 33258 staining. As shown in Fig. 2a, in
the antisense oligonucleotide-treated neurons, glutamate-
induced changes such as chromatin condensation and nuclear
fragmentationwere frequently observed as compared to those
in control or sense oligonucleotide-treated cells. Percentages
of the apoptotic cells in total neurons counted were calculated
(Fig. 2b). Glutamate (10 μM, 10 min)-induced neuronal apopto-
sis was thus obvious only in antisense oligonucleotides-
transfected neurons.

Since we recently suggested that a decrease in the
activated (phosphorylated) form of anti-apoptotic molecule
Akt is at least partly responsible for the Aβ-induced Cl−-
dependent enhancement of glutamate toxicity (Zhang et al.,
2006), levels of Akt-pS473 were examined by Western blotting
using anti-Akt-pS473 antibody. As shown in Fig. 3, in the
neurons treated with antisense oligonucleotides of ClP55,
glutamate treatment (10 μM, 10 min) decreased the level of
Akt-pS473 to 68% that in non-glutamate-treated cells, without
changes in Akt level. In contrast, such glutamate-induced
changes were not observed in either control or the sense
oligonucleotide-treated cells.

In this study, enhancement of glutamate neurotoxicity was
demonstrated in neurons with high [Cl−]i caused by ClP55
antisense oligonucleotide treatment. Since such enhance-
ment as estimated by cell damage and Akt-pS473 level was also
observed in parallel with the changes in [Cl−]i of Aβ-treated
cells (Zhang et al., 2006), the present findings support an idea
that Aβ-induced enhancement of glutamate neurotoxicity is

Fig. 1 – Effects of antisense oligonucleotides of ClP55 on
intracellular chloride concentration ([Cl−]i) in cultured rat
hippocampal neurons. Neurons on the 8th day of culture
were treated with sense or antisense oligonucleotides
(0.5 μg/ml) and Lipofectamine 2000 (1.5 μl/ml) for 1 h. After
3 days of incubation, [Cl−]i of pyramidal cell-like neuronswas
assayed fluorometrically using a Cl−-sensitive fluorescent
dye (MQAE) (*P<0.01 vs. control (with LipofectAMINE 2000
only) and sense, n=11–15). Sense or antisense means ClP55
sense or antisense oligonucleotide-treated cells.
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mediated by Aβ-induced increase in [Cl−]i. This increase
seems to be caused by inhibition by Aβ of type II phosphati-
dylinositol 4-kinase (Wu et al., 2004) resulting in decreases
in plasma membrane level of phosphatidylinositol 4-mono-
phosphate (PI4P) and Cl−-ATPase/pump activity (Yagyu et al.,
2001) which requires PI4P for its maximal activity (Zeng et al.,
1994).

Elevated [Cl−]i (26.5 mM) itself did not decrease the Akt-
pS473 level (Fig. 3). As we previously reported using amyloid β
protein (Zhang et al., 2006), the elevation of [Cl−]i alone, even
though it reached a higher level (36 mM), was not enough to
lower the Akt-pS473 level, but decreased the level when the
cells were exposed to glutamate. Although the elevation of
[Cl−]i decreases the activity of phosphatidylinositol-depen-
dent protein kinase 2 (PDK2) (Hresko et al., 2003) which
phosphorylates Akt at Ser473, a decrease in the Akt-pS473

level becomes obvious only when its turnover is increased.
Glutamate is known to activate protein phosphatase 1 or 2A
(Glaum and Miller 1994; Huang et al., 2001), which depho-
sphorylates phospho-Akt (Nakazawa et al., 2005). However,
glutamate exposure alone did not change the phospho-Akt
level (Fig. 3), suggesting that a normal PDK2 activity main-
tained the level. It is assumed that, under the conditions of
elevated [Cl−]i, glutamate exposure resulted in down-regula-
tion of the Akt-pS473 level via enhanced dephosphorylation
and attenuated phosphorylation. Such changes in the Akt-
pS473 level paralleled with the changes in neuronal apoptotic
parameter (Fig. 2), suggesting the responsibility of decreased
Akt-pS473 levels in the enhancement of glutamate neurotoxi-
city in neurons with high [Cl−]i.

All these findings suggest that regulation of neuronal
[Cl−]i is important for neuronal cell signaling and survival.

Fig. 2 – Effects of ClP55 antisense oligonucleotide treatment with or without glutamate exposure on the apoptosis of cultured
rat hippocampal neurons. Neurons on the 8th day of culture were treated with sense or antisense oligonucleotides (0.5 μg/ml)
and Lipofectamine 2000 (1.5μl/ml). After 3 days, the neuronswere exposed to 10μMglutamate for 10min. Apoptotic cells were
measured by Hoechst 33258 staining 48 h after the glutamate exposure. (a) Representative photomicrographs of cultured
neurons with apoptotic cells indicated by arrows. Red fluorescence is from remaining Cy3-label used to confirm usual
oligonucleotide-transfection. (b) Results are summarized as percentage of apoptotic cells to total number of neurons (*P<0.05,
n=8–9).
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ClP55 antisense oligonucleotide-transfected neurons may be
a good model system to test the effects of elevated [Cl−]i on
various neuronal functions.
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Abstract

We previously reported that the neurotoxicity of pathophysiological concentrations of amyloid � proteins (A�s, 0.1–10 nM) as assessed by the
inhibition of type II phosphatidylinositol 4-kinase (PI4KII) activity and the enhancement of glutamate toxicity was blocked by a short fragment of
A�, A�31–35. Such protective effects of shorter fragments derived from A�31–35 were examined in this study to reach the shortest effective peptide,
using recombinant human PI4KII and primary cultured rat hippocampal neurons. Among the peptides tested (A�31–34, A�31–33, A�31–32, A�32–35,
A�33–35, A�34–35, A�32–34, A�33–34 and A�32–33), A�31–34, A�32–35 and A�32–34 blocked both the A�1–42-induced inhibition of PI4KII activity and
enhancement of glutamate toxicity on cell viability. The shortest peptide among them, A�32–34, showed a dose-dependent protective effect with
50% effective concentration near 1 nM, while A�34–32, with a reverse amino acid sequence for A�32–34, showed no protective effects. Thus, a
tripeptide, A�32–34 i.e. Ile–Gly–Leu, may be available as a lead compound for designing effective A� antagonists.
© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Type II phosphatidylinositol 4-kinase; Amyloid � protein; Tripeptide (Ile–Gly–Leu); Glutamate toxicity; Alzheimer’s disease

Amyloid � proteins (A�s) are pathogenic peptides of
Alzheimer’s disease (AD), strategies for blocking their toxicity
being long searched based on their toxic mechanisms without
successful efficacy in human trials [7]. Although relatively high
concentrations (>10�M) of A�s have been used to analyse their
toxicity in previous reports [11,18], pathophysiological concen-
trations (≤10 nM)ofA�swere demonstrated in our laboratory to
induce the enhancement of glutamate toxicity [21–23], resulting
in neuronal cell death via the inhibition of type II phosphatidyli-
nositol 4-kinase (PI4KII) activity [20,21], raising a possibility
that reagents blocking such effects of A�s yield candidates for
new therapeutics for AD. Most recently, we found that A�31–35
and A�20–29 peptides with partial amino acid sequences of toxic
A�1–42 or A�25–35 peptides recovered such A�-induced inhibi-
tion of PI4KII activity and enhancement of glutamate toxicity,
showing that a peptide as short as A�31–35 is effective to protect
the toxic effects of pathophysiological concentrations of A�s

∗ Corresponding author. Tel.: +81 66993 9428; fax: +81 66992 2940.
E-mail address: kitagawa@takii.kmu.ac.jp (K. Kitagawa).

[21]. In the present study, we tried to determine the A�31–35-
derived shortest peptide fragment interfering with A�s’ effects.
Nine shorter peptideswith 2–4 amino acid residues derived from
A�31–35 were synthesized and applied to examine their effects
on A�1–42-induced inhibition of recombinant human type II�
phosphatidylinositol 4-kinase� (PI4KII�) activity and enhance-
ment of glutamate toxicity in primary cultured rat hippocampal
neurons.
A�1–42, A�31–35 and nine A�31–35-derived short pep-

tides (A�31–34, A�31–33, A�31–32, A�32–35, A�33–35, A�34–35,
A�32–34, A�33–34 and A�32–33), as well as A�34–32 with a
reverse sequence of A�32–34, were synthesized in Peptide Insti-
tute, Inc., Osaka, Japan. A�1–42 was synthesized by the solution
procedure as reported previously [10]. A� short peptides were
synthesized with an automatic peptide synthesizer, ABI 433A
(Foster City, CA, USA), employing 9-fluoremethoxycarbonyl
(Fmoc) chemistry on Wang resin. Stock solutions of A�1–42
and A� short peptides were prepared by dissolving in 10%
dimethylsulfoxide at 20�M and aliquoted before freezing
at −80 ◦C. These peptides were applied to PI4KII assay
or culture medium immediately after dilution of the stock

0304-3940/$ – see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2007.04.022



248 Z.-M. Xiong et al. / Neuroscience Letters 419 (2007) 247–252

solution with distilled water without incubation for peptide
aggregation.
Recombinant human type II phosphatidylinositol 4-kinase�

was prepared by transfection of the plasmid (pGEX-KG) con-
taining the open reading frame of human type II PI4K�
(PI4KII�) in Escherichia coli DH5� competent cells (Toy-
obo, Osaka, Japan) as described previously [20]. Type II
phosphatidylinositol 4-kinase activity was measured by phos-
phorylation of exogenous l-�-phosphatidylinositol (PI, Nacalai
Tesque, Kyoto, Japan) using 10mCi/mmol [�-32P] ATP
(Amersham Biosciences, Piscataway, NJ, USA) as a phos-
phate donor [3]. Briefly, recombinant PI4KII� bound to
glutathione–sepharose 4B (AmershamPharmaciaBiotech,Upp-
sala, Sweden) was pre-incubated with or without A�1–42 in the
presence or absence of different short peptides for 30min at
room temperature, and then with 150�M PI for 5min at room
temperature in 50�L reaction buffer containing 20mM Tris,
pH 7.5, 100 g/L glycerol, 0.1M NaCl, 10 g/L Triton X-100,
1mM dithiothreitol and protease inhibitors set (Roche Diagnos-
tics GmbH, Mannheim, Germany). Reactions were initiated by
the addition of [�-32P] ATP andMgCl2 at final concentrations of
0.1mM and 15mM, respectively, carried out at 37 ◦C for 10min
and then terminated by the addition of four volumes of chloro-
form/methanol/HCl (20:40:1, v/v) followed by the addition of
one volume each of chloroform and 0.2M KCl to extract phos-
pholipids. Extraction and development of phospholipids were
performed as described by Andrews and Conn [1]. Labeled PIP
was detected by autoradiography at −80 ◦C using Kodak X-
Omat AR film followed by densitometry using a color scanner
and a public domain image processing and analysis program

(NIH IMAGE; National Institute of Mental Health, Bethesda,
MD, USA). Labeled PIP was regarded as a product of kinase
activity.
Primary culture of rat hippocampal neurons was prepared

as described previously [22]. The animal treatment and
experimental procedures were all based on the Guidelines for
Animal Care and Use Committee at Kansai Medical University.
Hippocampal tissues removed from the brains of 19-day-old
Wistar rat embryos were triturated in Ca2+- and Mg2+-free
Hank’s solution. The cells were suspended in Dulbecco’s mod-
ified Eagle’s medium supplemented with 4mM l-glutamine,
100 IU/mL penicillin G sulfate, 10% fetal calf serum and
10% horse serum, and then seeded in poly-l-lysine-coated
plastic dishes at a density of 2.55× 105 cells/cm2. After
incubation for 2 days, the cells were exposed to 5�M adenine-
9ß-arabinofuranoside (Ara-A) in modified Eagle’s medium
(MEM) supplemented with 2mM l-glutamine and 5% horse
serum for 4 days. A�1–42 and/or short peptides were applied for
2 days from the 8th day of culture. For monitoring glutamate
excitotoxicity, the cells were exposed to glutamate (10�M,
10min, in serum-free MEM) on the 10th day of culture and
assayed for cell viability after another 2-day culture in the same
media as used during the 8–10 days of culture. Cell viability
was assayed by measuring 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitro-phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
monosodium salt (WST-8) reduction reflecting mitochon-
drial activity using a Cell Counting Kit-8 (Dojindo, Tokyo,
Japan) and lactate dehydrogenase (LDH) release from dam-
aged plasma membranes using an LDH-Cytotoxic Test
(Wako, Osaka, Japan). Cl−-ATPase activity was measured

Fig. 1. Effects of A� short peptide derived from A�31–35 on the A�1–42-induced inhibition of recombinant human PI4KII� activity. PI4KII� was prepared freshly
and was pre-incubated with or without A�1–42 in the presence or absence of different short peptides for 30min at room temperature. The kinase activity assay was
initiated by the addition of [�-32P] ATP and MgCl2 at 37 ◦C for 10min, then terminated by the addition of four volumes of chloroform/methanol/HCl (20:40:1, v/v).
(A) Typical spots of phosphatidylinositol monophosphate (PIP) as products of PI4KII activities. (B) Summary of the effects of nine A� short peptides as well as
A�31–35, (**)p ≤ 0.01, n= 4–5. Each bar represents the mean±S.E.M.
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as described previously [22] immediately before glutamate
application.
Values are expressed as themean± standard error of themean

(S.E.M.). Differences between groups were evaluated by one-
way analysis of variance (ANOVA) followed by Scheffe’s F-
test. When only two groups were compared, Student’s paired or
unpaired t-test was used. Differences between mean values with
p< 0.05 were considered to be significant.
As shown in Fig. 1, 10 nM A�1–42 reduced recombi-

nant PI4KII activity to 83.6± 1.7% of the control, while

none of the nine A� short peptides as well as A�31–35
at 10 nM alone affected kinase activity. When recombinant
PI4KII proteins were incubated with 10 nM A�1–42 in the
presence of 10 nM A� short peptides, inhibition by A�1–42
was significantly attenuated by A�31–35 and three A�31–35-
derived shorter peptides, A�31–34, A�32–35 and A�32–34,
kinase activity being recovered to 95.2± 1.8%, 98.0± 2.7%
and 94.4± 1.4% of the control. The other six short pep-
tides at the same concentration did not show any protective
effects.

Fig. 2. Effects of A� short peptide derived from A�31–35 on A�1–42-induced enhancement of glutamate toxicity in primary cultured hippocampal neurons. Neurons
on the 8th day of culture were treated with 10 nM A�1–42 with or without 10 nM each of nine A� short peptides, or as well as A�31–35 for 2 days, and then exposed
to 10�M glutamate for 10min (A and C) or not (B and D). After further incubation for 2 days in the absence of glutamate, neurons were assayed for mitochondrial
WST-8 reducing activity (A and B) and release of lactate dehydrogenase (C and D), (*)p ≤ 0.05; (**)p ≤ 0.01, n= 6–8. Each bar represents the mean±S.E.M.
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To test whether these short peptides protect neurons from
A�1–42-enhanced glutamate toxicity, cultured rat hippocampal
neurons were treated with 10 nM A�1–42 in the presence or
absence of A� short peptides. In 10 nM A�1–42-treated cells
(Fig. 2A), but not in A�1–42-untreated cells (Fig. 2B), glutamate
exposure (10�M, 10min) significantly reduced mitochondrial
activity assayed by WST-8 reduction, showing A�1–42-induced
enhancement of glutamate toxicity. When neurons were treated
with A�1–42 in the presence of short peptides, three shorter
peptides, A�31–34, A�32–35 and A�32–34, as well as A�31–35,
significantly attenuated such A�1–42-induced enhancement of
glutamate toxicity. The other six short peptides did not show
any protective effects. None of the A� short peptides alone
or with glutamate exposure affected mitochondrial activity
(Fig. 2B). Plasma membrane leakiness assayed by LDH release
was significantly increased by glutamate exposure (10�M,
10min) in 10 nM A�1–42-treated cells (Fig. 2C), but not
in A�1–42-untreated cells (Fig. 2D), confirming the A�1–42-
induced enhancement of glutamate toxicity.When neurons were
treated with A�1–42 in the presence of short peptides, the three
shorter peptides, A�31–34, A�32–35 and A�32–34, as well as
A�31–35, again significantly attenuated A�1–42 plus glutamate-
induced increase in LDH release (Fig. 2C). The other six short
peptides did not show such protective effects. None of the

short peptides with or without glutamate exposure significantly
affected LDH release (Fig. 2D). Thus, similarly to A�31–35, the
three short peptides, A�31–34, A�32–35 and A�32–34, protected
neurons from A�1–42-induced enhancement of glutamate neu-
rotoxicity, the shortest effective peptide being A�32–34. Since
such A�1–42-induced neurotoxicity appeared to be mediated by
a decrease in Cl−-ATPase activity [22], the effects of A�32–34
on the A�1–42-induced decrease in this ATPase activity was
examined. As previously reported, 10 nMA�1–42 reduced Cl−-
ATPase activity to 68.5± 4.4% (n= 3) of the control (without
A� treatment). Such reductionwas significantly recovered in the
presence of 10 nMA�32–34 to 93.2± 5.9% (n= 3) of the control
(p< 0.05), suggesting that this short peptide protected against the
A�1–42-induced enhancement of glutamate toxicity by interfer-
ing with the Cl−-dependent toxic signalling of A�1–42 [25].
To test the dose dependency of the protective effects of

A�32–34 onA�1–42-induced inhibition of PI4KII activity, recom-
binant PI4KII activity was assayed in the presence of 10 nM
A�1–42 and/or A�32–34 at concentrations ranging 0.1–50 nM.As
shown in Fig. 3A and B, PI4KII activity was significantly recov-
ered from A�1–42-induced inhibition by A�32–34 over 1–50 nM,
a half-maximal effect being observed at about 1 nM. A�32–34
peptide alone at any concentrations did not affect kinase activity.
To further test the dose dependency of A�32–34 in the protec-

Fig. 3. Dose-dependent protective effects of tripeptide A�32–34 on the A�1–42-induced inhibition of recombinant human PI4KII� activity and enhancement of
glutamate toxicity in primary cultured hippocampal neurons. (A) Typical spots of phosphatidylinositol monophosphate (PIP) as products of PI4KII� activities. (B)
Summary of the effects of 0.1–50 nMA�32–34 on A�1–42-induced inhibition of PI4KII� activities. Neurons on the 8th day of culture were treated with 10 nMA�1–42
in the presence or absence of 0.1–50 nM of A�32–34 for 2 days, and then exposed to 10�M glutamate for 10min. After further incubation for 2 days in the absence
of glutamate, neurons were assayed for mitochondrial WST-8 reducing activity (C) and release of lactate dehydrogenase (D), (**)p ≤ 0.01 vs. control; (#)p ≤ 0.05;
(##)p ≤ 0.01 vs. A�1–42; (†)p ≤ 0.05; (††)p ≤ 0.01 vs. A�1–42 plus glutamate treatment. Values are shown as the mean±S.E.M., n= 3–10 for PI4KII activity assay,
n= 11–15 for cell viability assay.
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Fig. 4. Effects of a peptide A�34–32 with reverse sequence for A�32–34 on A�1–42-induced inhibition of PI4KII� activity and enhancement of glutamate toxicity in
primary cultured hippocampal neurons. (A) Typical spots of phosphatidylinositol monophosphate (PIP) as products of PI4KII� activities. (B) Summary of the effects
of A�32–34 and A�34–32 on the A�1–42-induced inhibition of PI4KII activities. Effects of A�34–32 on A�1–42-induced glutamate toxicity were assayed by measuring
mitochondrial WST-8 reducing activity (C) and release of lactate dehydrogenase (D) following the same treatment protocol described previously, (*)p ≤ 0.05;
(**)p ≤ 0.01, n= 4–8 for PI4KII activity assay; n= 8–13 for cell viability assay.

tion of neurons from A�1–42 plus glutamate-induced cell death,
WST-8 reduction and LDH release were assayed after incuba-
tion of primary cultured rat hippocampal neurons with 10 nM
A�1–42 and/or 0.1–50 nMA�32–34, followed by glutamate expo-
sure. As shown in Fig. 3C and D, 10 nM A�1–42 plus glutamate
(10�M, 10min)-induced reduction in cell viability (decrease
in WST-8 reducing activity and increase in LDH release) was
dose-dependently attenuated by A�32–34, half-maximal effects
being observed at about 1 nM for mitochondrial activity and
at about 5 nM for LDH release, in profiles similar to that in
PI4KII activity. A�32–34 over 0.1–50 nM alone did not affect
cell viability.
To test the specificity of the amino acid sequence in the pro-

tective effect of A�32–34 (Ile–Gly–Leu), effects of a tripeptide
with a reverse sequence A�34–32 (Leu–Gly–Ile) were exam-
ined. As shown in Fig. 4A and B, incubation of recombinant
PI4KII�with 10 nM A�34–32 did not show any protective effect
on the A�1–42-induced inhibition of kinase activity in contrast
to the protective effect of 10 nM A�32–34. A�34–32 at 10 nM
alone did not affect kinase activity. The effects of A�34–32 on
A�1–42 plus glutamate-induced cell death were also examined.
As shown in Fig. 4C and D, 10 nM A�34–32 did not attenu-
ate A�1–42-enhanced glutamate neurotoxicity in contrast to the
protective effects of 10 nMA�32–34. A�34–32 at 10 nM alone, or
co-incubation with A�1–42 or glutamate did not affect the cell
viability (data not shown).
PI4KII� is the major one of PI 4-kinases (PI4KII�, PI4KII�

and PI4KIIIs) in brain, and catalyzes the production of phos-
phatidylinositol 4-phosphate (PI4P) from phosphatidylinositol
which is further phosphorylated to form PI (4,5)P2 and PI
(3,4,5)P3 as important regulatory molecules in many intra-

cellular signal pathways [2]. In the brains of AD patients,
phosphatidylinositol kinase activities [4,19] and membrane
phosphoinositides [16,17] are significantly lower than those
in age-matched non-AD brains. In our previous reports, PIP
and PIP2 levels in the neuronal plasma membrane of cultured
rat hippocampal neurons were reduced by a low concentration
of A�25–35 (10 nM), along with a decrease in the activity of
PI4P-requiring Cl−-pump/ATPase and a resulting increase in
intracellularCl− concentration ([Cl−]i) in neurons [22,23]. Such
an increase in [Cl−]i appeared to lower the level of phosphory-
latedAkt, a cell survival signalmolecule, on glutamate exposure,
resulting in the enhancement of glutamate neurotoxicity [25].
Thus, direct inhibition of PI4KII by A� [20] is probably one of
the major pathogenic mechanisms of A�.
In the present study, 10 nM each of tetrapeptides A�31–34 and

A�32–35, and a tripeptide, A�32–34, as well as A�31–35 [21] were
demonstrated to effectively protect against the A�1–42-induced
inhibition of PI4KII activity and enhancement of glutamate toxi-
city without toxic effects of the peptides themselves. In previous
reports from other groups, A�31–35 at 0.1�M suppressed the
induction of long-term potentiation in rat hippocampus [24], at
20�M inhibited fast axonal transport in cultured rat hippocam-
pal neurons [9], and at 40�M induced apoptosis in PC 12 cells
[15]. Modified A�31–35 peptides with oxidized Met-35 or with
norleucine substituted forMet-35 reportedly attenuated and even
eliminated such A�31–35-induced neurotoxicity, suggesting a
crucial role of the redox state of the single Met-35 residue in
A�31–35 toxicity [5,14]. Despite these reports, A�31–35 at 10 nM
used in our studies ([21] and the present report) showed a neuro-
protective effect against A�1–42-induced neurotoxicity without
any toxic effects in itself. The mechanisms that differentiate
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these responses may be differences in A�31–35 concentrations
used and/or experimental parameters. A�31–35-derived peptides
without Met-35 such as A�32–34 may be beneficial to their low
toxicities even at rather higher concentrations.
On the other hand, propionyl-Ile–Ile–Gly–Leu (Pr-IIGL),

a derivative of the tetrapeptide A�31–34, has been reported
to antagonize A�1–42 (1�M and 200�M)-mediated toxic-
ity both in vitro at 1�M in glial cells [13] and in vivo at
200�M in rat nucleus basalis [8]; while it induced massive
hyperphosphorylation of 	-protein and swelling of cell bod-
ies at 0.125�M in primary cultured hippocampal neurons [12].
RIIGLa, a pentapeptide synthesized based on tetrapeptide IIGL,
was reportedly non-toxic to neurons at 50�M and reduced the
cytotoxic effect of 10�MA�1–42 by inhibiting A�1–42 aggrega-
tion [6]. In this study, A�31–34 was found to be neuroprotective
against A�1–42-induced neurotoxicity at about a 1000 times
lower concentration as compared with these studies.
In conclusion, a tripeptide, A�32–34, is the shortest peptide

ever reported showing protective effects against A�-enhanced
glutamate neurotoxicity by attenuating the A�1–42-induced
inhibition of PI4KII activity, a new target in the pathogenic
mechanism of Alzheimer’s disease. The amino acid sequence
Ile–Gly–Leu in A�32–34 may serve as a lead molecule for
designing a novel putative drug for the treatment of Alzheimer’s
disease.
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Südhof, J.P. Albanesi, A novel family of phosphatidylinositol 4-kinases
conserved from yeast to humans, J. Biol. Chem. 276 (2001) 7705–
7708.

[4] J. Bothmer, M. Markerink, J. Jolles, Phosphoinositide kinase activities in
synaptosomes prepared from brains of patients with Alzheimer’s disease
and controls, Neurosci. Lett. 176 (1994) 169–172.

[5] M.E. Clementi, S. Marini, M. Coletta, F. Orsini, B. Giardina, F. Misiti,
A�(31–35) andA�(25–35) fragments of amyloid beta-protein induce cellu-
lar death through apoptotic signals: role of the redox state ofmethionine-35,
FEBS Lett. 579 (2005) 2913–2918.
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Abstract

In our previous reports using primary cultured rat hippocampal neurons, pathophysiological concentrations (≤10 nM) of amyloid β proteins
(Aβs) showed neurotoxicity via a phosphatidylinositol metabolism disorder, and soybean-derived phosphatidylinositol protected the neurons
against the Aβ's neurotoxicity. In the present study, such a neurotoxic effect of Aβ and a neuroprotective effect of phosphatidylinositol were
examined in vivo using transgenic mice expressing V337 M human tau. Intrahippocampal CA1 injection of 1.5 μl of 100 nM or 1 μM Aβ25–35
increased the number of degenerating neurons with an apoptotic feature in bilateral hippocampal CA1, CA2, CA3 and dentate gyrus regions in
1 month, demonstrating an in vivo neurotoxic effect of Aβ at lower concentrations after diffusion. Intrahippocampal co-injection or
intracerebroventricular administration of 1.5 μl of 500 nM phosphatidylinositol prevented the Aβ25–35-induced neuronal degeneration in all the
hippocampal regions, while co-injection of another acidic phospholipid, phosphatidylserine (1.5 μl, 500 nM) with Aβ25–35 showed no protective
effects. Thus, exogenously applied phosphatidylinositol appeared to minimize the toxic effects of Aβ in vivo. These results suggest that soybean-
derived phosphatidylinositol may be effective in the treatment of Alzheimer's disease.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Alzheimer's disease (AD) is one of the most common
progressive neurodegenerative diseases, afflicting over one
percent of individuals over age 65 years, with characteristic
pathological features such as neuronal loss, intraneuronal
neurofibrillary tangles composed of hyperphosphorylated tau,
and extracellular senile plaques primarily composed of amyloid
β proteins (Aβs) (Selkoe, 2001). We previously reported that
pathophysiological concentrations (≤10 nM) of Aβ enhanced
neurotoxicity of a physiological concentration (10 μM) of

glutamate resulting in neuronal degeneration in association with
decreases in the plasma membrane levels of phosphatidylino-
sitol (PI) and phosphorylated PI (PIP and PIP2) in primary
cultured rat hippocampal neurons (Yagyu et al., 2001). Since
such neurotoxicity of Aβ was prevented by exogenously
applied soybean-derived PI (Zhang et al., 2003), it seems to be
worthwhile to test in vivo effects of the phospholipid on Aβ-
induced degeneration of neurons. To our knowledge, however,
in vivo degenerating effects of pathophysiological concentra-
tions of exogenous Aβ can hardly be observed in natural
animals. We recently found that intrahippocampal administra-
tion of such concentrations of Aβ degenerated hippocampal
neurons of mice expressing mutant human tau (V337M) in
1 month. We therefore examined the in vivo effects of soybean-
derived PI against neuronal damage induced by intrahippo-
campal injection of Aβ in the transgenic mice.
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Materials and methods

Materials

Transgenic mice expressing V337 M human tau were kindly
donated by Dr. Akihiko Takashima, Laboratory for Alzheimer's
disease, The Institute of Physical and Chemical Research
(RIKEN), Saitama, Japan. Soybean-derived phosphatidylinosi-
tol (PI) was purchased from Nacalai Tesque, Kyoto, Japan;
Aβ25–35, soybean-derived phosphatidylserine (PS) and pyro-
nin Ywere from Sigma, St. Louis, MO, USA; Tissue-Tek O.C.T.
compound was from Sakura Finetek USA, Torrance, CA, USA;
3,3'-diaminobenzidine tetrahydrochloride (DAB) and methyl
green solution and Mayer's hematoxylin solution were from
Wako, Osaka, Japan; Histofine simple stain DAB solution was
from Nichirei Bioscience, Tokyo, Japan; entellan was from
Merck KGaA, Darmstadt, Germany; and anti-cleaved caspase-3
antiserum was from Cell Signaling Technology, Inc., Danvers,
MA, USA. Other reagents were of the highest quality
commercially available.

Intrahippocampal and intracerebroventricular injection

Four-month-old V337 M human tau transgenic mice were
anesthetized with trichloroacetaldehyde monohydrate (0.5 g/
kg). An aliquot (1.5 μl) of solution containing Aβ25–35
(100 nM or 1 μM) and/or PI (500 nM) or PS (500 nM), all
dissolved in artificial cerebrospinal fluid (aCSF: 124 mM
NaCl, 2.5 mM KCl, 25 mM NaHCO3, 1.25 mM NaH2PO4,
10 mM glucose, 1.3 mM MgSO4, 2.0 mM CaCl2, pH 7.4),
were injected into the CA1 region of the hippocampal
formation of the right hemisphere (coordinates: AP −2.0 mm
from the bregma, LAT −1.0 mm, DV +1.5 mm) over 7 min
(about 0.22 μl/min). The needle was kept in the injection site
for another 10 min and then slowly withdrawn. Since, in our
previous in vitro study, 50 nM of soybean-derived PI prevented
10 nM Aß's neurotoxicity (Zhang et al., 2003), the concentra-
tions of Aβ and PI used in this in vivo study were determined
considering possible diffusion of the solutes. In a series of
experiments, PI (1.5 μl, 500 nM) was administered into the
lateral ventricle contralateral to the Aβ-injection site (AP
−0.2 mm from the bregma, LAT +1.0 mm, DV +2.5 mm).
None of the mice developed infections or died during the
experiments.

Preparation of brain sections

One month after the injection, mice were deeply anesthetized
with ether and perfused transcardially with saline for 10 min and
then with 4% paraformaldehyde in 0.1 M sodium phosphate
buffer (pH 7.4) for 10 min. The brains were removed, post-fixed
in the same fixation buffer for 3 days, and then immersed
sequentially in a 20% and 30% sucrose solution for 24 h each.
The tissues were mounted in Tissue-Tek O.C.T. compound and
frontal sections near the injection sites were cut with a cryostat
at 6 μm in thickness and mounted directly on amino silane
coated slides.

Histology

To evaluate neurodegeneration, methyl green pyronin Y
(MGPY) staining, terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) staining and cleaved caspase-3
staining were used. For MGPY staining, staining solution was
freshly prepared by adding 100 mg of pyronin Y to 50 ml of
0.5% methyl green stock solution. Brain sections were placed in
the staining solution for 3 h at room temperature, rinsed with
distilled water, and twice dehydrated with t-butyl alcohol for
3 s. The slides were immersed in xylene and then coverslipped
with entellan mounting media. In MGPY staining sections,
DNA is stained blue and RNA is stained pink. Viable cells
exhibited a light blue nucleus, confirming nuclear integrity, and
a pink cytoplasm, indicative of RNA transcription. Damaged
cells exhibited hyperchromatic nuclei and cytoplasm, or lack of
cytoplasmic (RNA) staining (Cheung et al., 2005). TUNEL
staining using an in situ apoptosis detection kit (Takara, Shiga,
Japan) was performed according to manufacturer's instruction
to detect DNA fragmentation. For cleaved caspase-3 staining,
frozen sections were cut on a cryostat and stained using an
avidin-biotin complex method (Vector Labs, Burlingame, CA,
USA). After incubation with anti-cleaved caspase-3 antiserum
(1:70), the sections were further incubated with biotinylated
goat anti-rabbit IgG (5 μg/ml: Vector Labs) and the bound
antibodies were visualized using DAB. The nuclei were
counterstained with hematoxylin.

Image analysis

Sections were examined under the light microscope. To
quantify degenerating neurons, 40x magnifications were used.
The number of living or degenerating neurons in each
hippocampus was counted in 6–8, 2, 4 and 4 separate optical
fields (210 μm×170 μm) in CA1, CA2, CA3 and dentate gyrus
regions, respectively, twice separately by two persons without
knowledge of treatments. Population of degenerating neurons
was expressed as a percentage to the total counted neurons in
each region (215–352, 67–109, 119–192 and 251–440 neurons
in CA1, CA2, CA3 and dentate gyrus from a hemisphere,
respectively).

Statistical analysis

Summarized data were expressed as mean±SE. Differences
between mean values were evaluated by analysis of variance
(ANOVA) followed by Fisher's PLSD (protected least sig-
nificant difference) test, and those with p<0.05 were
considered to be significant.

Results

As shown in Fig. 1A, injection of the materials into hip-
pocampal CA1 region was affirmed by the needle track in each
animal. Intrahippocampal injection of 1.5 μl of 100 nM amyloid
β peptide (Aβ; Aβ25–35) resulted in an increase in the number
of degenerating neurons scattering throughout the hippocampal
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formation; CA1, CA2, CA3 and dentate gyrus (DG). In MGPY
stained sections, two types of abnormally stained cells were
observed; one, mainly observed in CA1 and CA2 regions, was
characterized by intensely stained cytoplasm by pyronin Y as

well as dispersed chromatin clumps or lack of nuclear structure
(Fig. 1C), and the other type mainly existing in CA3 and DG
regions showed hyperchromatic nucleus and lack of cytoplas-
mic (RNA) staining (Fig. 1G). The injection of artificial

Fig. 1. Neurodegeneration after intrahippocampal injection of amyloid β protein (Aβ) and/or phosphatidylinositol (PI) in mice expressing V337M human tau. (A)
Hippocampal section showing the injection site. Arrows point out the needle track. Brain sections were stained with methyl green pyronin Y (MGPY, A–I), TUNEL
(J–M) or anti-cleaved caspase-3 antibody (N–Q) 1 month after the intrahippocampal injection of 1.5 μl of the following solutions: artificial cerebrospinal fluid (aCSF)
(B, F, J and N); 100 nM Aß25–35 (C, G, K and O); 500 nM PI (D, H, L and P); 100 nM Aß25–35+500 nM PI (E, I, M and Q). B–E, J–M and N–Q: Examples of the
CA1 pyramidal cell layer. F–I: Examples of the CA3 pyramidal cell layer. Arrowheads point out the degenerating neurons (C, G) or apoptotic neuron (K, O). Scale
bar=10 μm.
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cerebrospinal fluid (aCSF) or phosphatidylinositol (PI) alone
did not cause such neuronal degeneration (Fig. 1B, D, F and H).
Co-injection of 500 nM PI with Aβ25–35 (1.5 μl) prevented the
Aβ-induced neuronal degeneration (Fig. 1E and I).

To test the involvement of apoptotic mechanism in the
neuronal degeneration, TUNEL staining was carried out.
Injection of Aβ25–35 induced the occurrence of TUNEL-
positive cells, i.e. neurons with apoptotic nuclei (Fig. 1K) in 2
of 6 mice examined, no such apoptotic cells being detected in
aCSF-injected control mice (Fig. 1J). In mice co-injected with
PI and Aβ, or those injected with PI alone, TUNEL-positive
cells were not observed at all (Fig. 1L and M). Another
apoptotic effector, activated (i.e. cleaved) caspase-3, was also
stained. Injection of Aβ25–35 markedly increased the number
of neurons with activated caspase-3 (Fig. 1O) as compared with
those in aCSF-injected control mice (Fig. 1N). In the mice co-
injected with PI and Aβ (Fig. 1Q) or those injected with PI
alone (Fig. 1P), such activation of caspase-3 was not observed.
Though the number of TUNEL-positive neurons in Aβ-
injected mice was not as much as that of degenerating neurons
in MGPY-stained sections, the number of active caspase-3 posi-
tive neurons appeared to change in a parallel and comparable
manner to that in the degenerating neurons in MGPY-staining
(Table 1), suggesting that an apoptotic mechanism may be
involved in the Aβ-induced neuronal degeneration.

Changes in the number of degenerating neurons, as
expressed by percentage of damaged neurons to total counted
neurons, in each region of the ipsilateral (Aβ-injected) side of
hippocampi were summarized in Fig. 2A. Injection of 1.5 μl of
100 nM Aβ25–35 significantly increased the number of
degenerating neurons in all ipsilateral hippocampal regions;
CA1, CA2, CA3 and DG as compared with those in aCSF-
injected control mice. DG appeared to be less vulnerable to
Aβ25–35 compared with the other regions. After the injection
of 10 times higher concentration of Aß (1.5 μl, 1 μM), no
further increases in the number of degenerating neurons were
observed, except a slight increase in DG. When PI was co-
injected, the Aβ-induced neuronal damage was prevented in all
regions (Fig. 2A, +PI). To rule out the possibility that PI
inactivated Aβ25–35 in the mixture within injection pipette, PI
was then injected separately into the lateral ventricle of
contralateral hemisphere (+PI i.c.v.). The protective effect of

PI was again observed in all hippocampal regions, suggesting
that exogenously applied PI blocked Aβ's neuronal toxicity in
vivo. In contrast, another acidic phospholipid, phosphatidylser-
ine (PS), did not show any protective effects against the Aβ-
induced neuronal degeneration (Fig. 2A, +PS), suggesting that
the protective effect of PI is not due to a non-specific feature of
acidic phospholipid.

Fig. 2B shows the changes in the number of degenerating
neurons in the contralateral (left, non-injected side) hippocampi
of the Aβ-injected mice with or without PI or PS administration.
The changes were quite similar to those observed in the
ipsilateral hippocampi (Fig. 2A), suggesting massive diffusion
of injected Aβ as well as phospholipids at least into the space of
the bilateral whole hippocampus.

Discussion

The transgenic mice used in this study reportedly develop
AD-like histological changes after 11-month-old (Tanemura et
al., 2002). In this study, exogenously administered Aß25–35
(100 nM, 1.5 μl) into their hippocampi at an earlier stage (4-
month-old) induced mild but significant degeneration in
hippocampal neurons after 1 month, suggesting some accelera-
tion of neuronal degeneration by the Aβ. When wild type rats
were used, much higher concentrations of Aβ (0.5–1.5 mM, 1–
2 μl) were administered into hippocampus to detect Aβ-induced
neuronal cell death (Frautschy et al., 1991; Kowall et al., 1991;
Miguel-Hidalgo and Cacabelos, 1998; Ryu et al., 2004;
Stepanichev et al., 2003). In these studies, neuronal loss or
degeneration occurred massively over wide areas of hippocam-
pus in about 1 week after Aβ injection. Compared with such
rather acute and severe neuronal degenerations induced by
approximately 1000 times higher concentrations of Aβ,
neuronal degeneration observed under the present conditions
may represent the neuronal degeneration similar to that
observed in chronic process of human AD.

Since the injected Aβ also affected the contralateral
hippocampus, Aβ at concentrations after diffusion appears to
be cytotoxic. When 1.5 μl of 100 nM Aβ25–35 was injected,
simple calculation for Aβ concentration after diffusion in
ipsilatetral or bilateral hippocampus based on their weight
(27 mg each) yields 5.6 or 2.8 nM, respectively. Considering the

Table 1
Percentage of degenerating or apoptotic neurons in mouse hippocampi injected with Aβ25–35 and/or phosphatidylinositol (PI)

Treatment Degenerating neurons Apoptotic neurons

Total neurons counted Degenerating neurons (%) Total neurons counted Apoptotic neurons (%)

aCSF 947±36 15±2.0 (1.6±0.18) 1523±28 4±1.2 (0.2±0.08)
100 nM Aβ 992±71 42±5.6 (4.4±0.65⁎) 1523±437 35±8.2 (2.4±0.17⁎)
1 μM Aβ 846±54 48±4.8 (5.8±0.70⁎) 1342±136 30±8.8 (2.2±0.54⁎)
500 nM PI 1008±54 12±1.6 (1.1±0.14) 1358±47 7±3.7 (0.5±0.26)
PI+100 nM Aβ 993±70 11±2.8 (1.2±0.30) 1717±71 4±0.3 (0.3±0.02)
PI+1 μM Aβ 927±76 11±1.8 (1.3±0.27) 1423±288 10±0.9 (0.7±0.10)

An aliquot (1.5 μl) of solution containing Aβ25–35 (100 nM or 1 μM) and/or PI (500 nM) dissolved in artificial cerebrospinal fluid (aCSF) was injected into the CA1
region of the right hippocampus of four-month-old V337M human tau expressing mouse. Total and MGPY-positive degenerating or cleaved caspase-3 positive
apoptotic neurons of whole hippocampi on the injected side were counted. Values are mean±SEM (n=3–17).
⁎p<0.01 vs. each control (aCSF injected).
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low concentration range of toxic Aβ and the relatively short
period (1 month) to obtain the results, this protocol may be a
suitable model to evaluate neurotoxicity of Aβ and in vivo anti-
Aβ activity of test drugs.

Phosphatidylinositol (PI) is an essential phospholipid not
only in maintaining membrane structure, but also required in the
production of other phosphoinositides (PIP, PIP2 and PIP3) with
important roles in cellular signal transduction. Since the

Fig. 2. Effects of phosphatidylinositol (PI) and phosphatidylserine (PS) on the Aβ-induced neurodegeneration in CA1–CA3 pyramidal cells and dentate gyrus (DG)
granule cells from ipsilateral (injected side; A) and contralateral (B) hippocampi. Brain sections were prepared and stained with methyl green pyronin Y (MGPY)
1 month after the intrahippocampal injection of 1.5 μl aCSF (white bar) or Aβ25–35 (100 nM, gray bar or 1 μM, black bar). PI (500 nM) was co-injected into the CA1
region of hippocampus with Aβ, or intracerebroventricularly (i.c.v.) injected separately. PS (500 nM) was co-injected into the CA1 region with Aβ. The damaged
neurons in each hippocampal region were expressed as a percentage of the total counted neuronal cell population in each region. Data are presented as the mean±S.E.
from 4 to 15 animals. ⁎p<0.05 ⁎⁎p<0.01 versus each control (aCSF-injected). †p<0.05 versus 100 nM Aβ.
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phosphoinositides levels are reportedly decreased in the brains
of AD patients and Aβ-treated neurons (Pettegrew et al., 2001;
Prasad et al., 1998; Stokes and Hawthorne, 1987; Yagyu et al.,
2001), supplement of PI rescued Aβ's toxicity probably
through PI-related amelioration of cell signaling. As we
previously reported (Zeng et al., 1994), phosphatidylinositol-
4-monophosphate (PI4P) is required for the maximal activity of
Cl−-ATPase/pump, a candidate for outwardly directed active
Cl− transport system. Pathophysiological concentrations of Aβ
reduced the Cl−-ATPase activity via inhibition of PI4P pro-
duction in plasma membranes, resulting in an increase in [Cl−]i
and enhanced glutamate neurotoxicity in primary cultured rat
hippocampal neurons (Wu et al., 2004; Yagyu et al., 2001). An
increase in neuronal [Cl-]i appeared to result in enhancement of
glutamate neurotoxicity through a decreased level of phos-
phorylated Akt, an important signaling molecule for cell
survival (Zhang et al., 2006), probably due to inhibition of an
Akt phosphorylating enzyme PDK2 by an increase in [Cl−]i
(Hresko et al., 2003). Exogenously applied PI protected the
neurons against such Aβ's neurotoxicity in neuronal cultures
in vitro (Wu et al., 2002; Zhang et al., 2003), and in vivo in
this study, supporting an idea that Aβ-induced neuronal degen-
eration is related to the disorder of PI metabolism.

Although oral administrations of phosphatidylserine (PS,
300 mg/day, 2–6 months) reportedly attenuated memory
impairment associated with aging (McDaniel et al., 2003),
this phospholipid did not show any protective effects against
neurotoxicity induced by pathophysiological concentrations of
Aβ both in vitro (Wu et al., 2002) and in vivo (Fig. 2). PS is
normally localized in the inner layer of plasma membranes, and
its translocation to the outer leaflet is recognized by phagocytes
to remove the cell (Farooqui et al., 2000). Further, exogenous
PS dose-dependently results in apoptosis (Uchida et al., 1998).
Taking these findings in consideration, use of PI rather than PS
appears to be effective especially for AD treatment.

In summary, neurodegeneration induced by intrahippocam-
pal injection of low pathophysiological concentrations of Aβ
was successfully observed in early stage V337M human tau
expressing mice, and co-administration of PI, an in vitro anti-
Aβ reagent, blocked the Aβ's neurotoxicity. This system may
be a useful animal model to evaluate the neurotoxicity of
pathophysiological concentrations of Aβ proteins and the
potency of anti-Aβ drugs in vivo.
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Establishment of cell lines stably expressing HNA-1a, -1b,
and -2a antigen with low background reactivity in flow

cytometric analysis

Kazuta Yasui, Toru Miyazaki, Nobuki Matsuyama, Yoshitaka Kojima, Rika A. Furuta,

Jun-ichi Fujisawa, Yoshihiko Tani, Hirotoshi Shibata, Shin-ichirou Sato, Toshiaki Kato,

Hisami Ikeda, and Fumiya Hirayama

BACKGROUND: Antibodies to neutrophil antigens have
been implicated in neonatal alloimmune neutropenia,
autoimmune neutropenia, and transfusion-related acute
lung injury. Most often, neutrophil-specific antibodies
are directed toward human neutrophil antigen (HNA)-1
(Fcg receptor 3b) and HNA-2a (CD177) in these
disorders.
STUDY DESIGN AND METHODS: To detect the alloan-
tibodies in the serum samples, a panel of cell lines was
established in which the HNA-1a, HNA-1b (polymor-
phisms of HNA-1), or HNA-2a gene was transduced
with a retrovirus vector to confer stable transgene
expression in K562 cells that exhibited low background
reactivity to human serum samples obtained from
healthy donors in flow cytometric analysis.
RESULTS: It was shown that several well-characterized
human serum samples containing antibodies against
HNA-1a, -1b, and -2a were unambiguously identified by
the established panel cell lines and observed a lower
background reactivity and longer shelf life of the K562
panel cell lines compared with isolated neutrophils,
which have been used for the cell panel to identify anti-
bodies against HNA in human serum samples.
CONCLUSION: These results indicate that the K562
panel cell lines provide a good panel for detecting HNA-
reactive neutrophil antibodies in human serum samples.

T
he Fcg receptor 3b (FcgRIIIb, CD16b)1-5 and NB1
glycoprotein (CD177)1-3,6-8 are considered the
most important neutrophil-specific antigens for
clinical purposes. Immunologic studies have

shown that FcgRIIIb is polymorphic, bearing the high-
frequency human neutrophil antigens (HNA)-1a and -1b
and the low-frequency antigen HNA-1c.4,5 The NB1 glyco-
protein, recently designated HNA-2a, is heterogeneously
expressed on the neutrophils of 88 to 97 percent of healthy
individuals.6,7 Antibodies to these four antigens, especially
HNA-1a, -1b, and -2a, can cause a number of disorders,
including alloimmune neonatal neutropenia,9,10 autoim-
mune neutropenia,11,12 immune neutropenia after marrow
transplantation,13,14 and transfusion-related acute lung
injury.15 In addition, neutrophil alloimmunization can
result in refractoriness to granulocyte transfusions.16,17

Therefore, it is necessary to identify antibodies to neutro-
phil antigens in test serum samples to evaluate these
disorders.

Although flow cytometric (FCM) analysis with a typed
panel of neutrophils has been widely used to screen for
the presence of neutrophil antibodies and to determine
their specificity, this procedure has a few limitations. First,
it is often inconvenient to prepare such a panel because

ABBREVIATIONS: ATCC = American Type Culture Collection;

FcgRIIIb = Fcg receptor 3b; FCM = flow cytometric; GIFT =
granulocyte immunofluorescence test.
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only freshly prepared neutrophils can be used in FCM
analysis.18 Second, the assay cannot identify an HNA anti-
body in the presence of anti-HLA Class I antibodies that
react to panel neutrophils. There are two ways to avoid the
latter problem: use neutrophils that do not express the
relevant HLA Class I18 or absorb these antibodies before
the test.19 These solutions, however, can only be applied at
a limited number of institutions that maintain blood
samples for screening. To overcome these limitations,
several groups of investigators have attempted to estab-
lish panel cell lines that express neutrophil antigens, but
the only cell lines described in the literature express HNA-
1a, -1b, and -1c, not HNA-2a.20 Although the cell lines
could be stored for 4 weeks after fixation for use with the
monoclonal antibody (MoAb)-specific isolation of granu-
locyte antigens assay, they were difficult to use in high-
sensitivity FMC analysis because normal human sera
showed high background reactivity to the panel cell lines.

In this study, we applied a retrovirus vector for the
transduction of HNA genes into a target cell line, the
human erythroleukemic cell line K562, which does not
express HLA or HNA or exhibit background reactivity to
normal human serum samples. We established cell lines
that stably express HNA-1a, -1b, and -2a antigens and
were able to directly use these panel cell lines for FMC
analysis. Our panel cell lines should be useful for detecting
neutrophil antibodies in human serum samples that react
with HNA-1a, -1b, and -2a.

MATERIALS AND METHODS

Preparation of peripheral blood and
serum samples
For blood cell samples, whole blood anticoagulated with
ethylenediaminetetraacetate was collected from healthy
personnel at our blood center who had been typed previ-
ously for HLA Class I, HLA Class II, HNA-1, and HNA-2a.
Normal serum samples were also obtained from healthy
personnel at the blood center. Serum samples containing
white blood cell (WBC) antibodies were obtained from
recipients of nonhemolytic transfusion reactions, patients
who were refractory to platelet (PLT) transfusion, and
patients with autoimmune neutropenia or alloimmune
neutropenia. Some of the serum samples were provided
by M. Kobayashi (Hiroshima University, Hiroshima,
Japan). The specificity of each serum had been deter-
mined with a modified granulocyte immunofluorescence
test (GIFT) assay.18

Cell lines
Jurkat cells (a human T-cell line obtained from the Ameri-
can Type Culture Collection [ATCC], Manassas, VA), THP-1
cells (a human monocyte cell line from ATCC), Namalwa

cells (a human B-cell line from ATCC), L-cells (a mouse
B-cell line from ATCC), K562 cells (a human erythroleuke-
mia cell line provided by Y. Kanakura, Osaka University,
Osaka, Japan), and CMK cells (a human megakaryocytic
cell line provided by Y. Kanakura) were cultured in RPMI
1640 supplemented with 10 percent fetal bovine serum
(FBS), 50 U per mL penicillin, and 50 mg per mL strepto-
mycin (Gibco BRL, Grand Island, NY). HeLa cells (a
human epithelial-like cell line from ATCC), 293T cells (a
human kidney cell line from ATCC), Cos7 cells (African
green monkey kidney cell line from ATCC), and 3T3 cells (a
mouse fibroblast cell line from ATCC) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with
10 percent FBS, 50 U per mL penicillin, and 50 mg per mL
streptomycin. The Chinese hamster ovary cell line from
ATCC was cultured in Ham’s F12 medium supplemented
with 10 percent FBS, 50 U per mL penicillin, and 50 mg per
mL streptomycin.

Establishment of cell lines expressing HNA-1a,
-1b, and -2a
Full-length HNA-1a, -1b, and -2a cDNAs were synthesized
by nested reverse transcription-polymerase chain reac-
tion4,20,21 with total RNA extracted from the peripheral
blood mononuclear cells of two subjects typed as HNA-
1a/a and b/b or one HNA-2a-positive subject. The cDNAs
were cloned into pCR2.1-TOPO (Invitrogen, Carlsbad,
CA), and the sequences were confirmed. Each cDNA frag-
ment was subcloned into a retroviral vector, pQCXIP
(Becton Dickinson, San Jose, CA), at the BamHI and NotI
recognition sites. The resultant plasmids, pQCXIP-1a,
pQCXIP-1b, and pQCXIP-2a, were packaged into viral par-
ticles as previously described.22 Briefly, 2 ¥ 106 gp-293T
packaging cells (Becton Dickinson) were transfected with
2.1 mg of pVSV-G (Becton Dickinson) and 2.1 mg of vector
plasmid with reagent (LipofectAMINE Plus, Invitrogen)
according to the manufacturer’s instructions. Culture
supernatants collected 48 hours after transfection were
subjected to titration with Rat-1 cells. We obtained titers in
the range of 105 transduction units per milliliter.

For infection, 1 ¥ 106 K562 cells were incubated with
0.1 mL of the viral supernatant, 0.9 mL of RPMI 1640 con-
taining 10 percent FBS, and 8 mg per mL polybrene for
2 hours; washed twice with the same medium; and then
cultured for 2 days in the medium. The cells were cloned
by a limiting dilution method in the presence of 0.5 mg per
mL puromycin. Clones KY-1a, KY-1b, and KY-2a were
selected as panel cell lines for HNA-1a, -1b, and -2a,
respectively, owing to their high level of HNA expression
with a low background in the FCM analysis.

FCM analysis
For direct immunofluorescence, aliquots of cells that had
been maintained in culture with RPMI 1640 containing
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10 percent FBS and 0.5 mg per mL puromycin were col-
lected by centrifugation at 1000 ¥ g for 2 minutes, washed
at 1000 ¥ g for 1 minute with the washing buffer (PBS-
0.1% bovine serum albumin-5 mmol/L EDTA) two times,
and stained for 15 minutes at 4°C with fluorescein isothio-
cyanate (FITC)- or phycoerythrin (PE)-conjugated MoAbs.
The MoAbs used were FITC-TAG-1 (against HNA-1a);23

FITC-TAG-2 (against HNA-1b);23 FITC-TAG-3 (against
HNA-1);23 FITC-TAG-4 (against HNA-2a);24 FITC-anti-HLA
ABC (Becton Dickinson); PE-anti-HLA-DR (Becton
Dickinson); PE-anti-HLA-DR, -DQ, and -DP (Beckman
Coulter, Fullerton, CA); PE-anti-Mac-1 (Becton
Dickinson); and FITC-anti-LFA-1 (Becton Dickinson).
FITC-immunoglobulin G1 (IgG1) and PE-IgG1 (Becton
Dickinson) were used as isotype controls. TAG-1, -2, -3,
and -4 were gifts from K. Taniguchi (Hiroshima College of
Medical Technology, Hiroshima, Japan). The labeled cells
were analyzed with a flow cytometer (FACSCalibur, Becton
Dickinson).

For indirect immunofluorescence, blood cells or
cell lines were first incubated with human serum for
15 minutes at 4°C and subsequently stained with FITC-
labeled mouse anti-human IgG F(ab′)2 (Jackson Immu-
noResearch, West Grove, PA) for 15 minutes at 4°C. To
stain blood cells, red cells were subsequently lysed by
adding lysing solution (FACS, Becton Dickinson).18

Autologous serum samples were used as negative
controls when blood cells were stained, and serum
samples obtained from healthy laboratory personnel
were used when cell lines were stained. In some experi-
ments, K562 cells were treated with a MoAb, 3G8 (anti-
CD16, Becton Dickinson), at 10 mg per mL for 15 minutes
at 4°C before the incubation with human serum samples
to be tested.

RESULTS

Establishment of panel cell lines

To select a parental cell line for the establishment of HNA-
expressing panel cell lines, we examined six nonadherent
and five adherent cell lines, focusing on the background
reactivity against healthy personnel-derived serum
(normal serum) and on the cell surface expression of
several WBC antigens. The reactivity of HeLa, 293T, and
Chinese hamster ovary cells and L cells with at least one of
three human serum samples obtained from healthy per-
sonnel was slightly higher than with the PBS control
(Table 1). No background reactivity was observed for five
nonadherent cell lines (K562, Jurkat, THP-1, Namalwa, and
CMK) and one adherent cell line, Cos7 (Table 1). When the
expression of HLA and HNA antigens was tested, only K562
cells did not show expression of all the antigens (Table 1).
Therefore, we selected K562 as a target parental cell line
and transduced the HNA-1a, -1b, and -2a cDNAs into K562
cells with a retrovirus vector, pQCXIP. We have observed
that HNA expression in the transduced K562 cells, called
K562 panel cells hereafter, has been maintained for more
than 1 year in the presence of puromycin (Fig. 1), probably
because of an IRES-mediated cotranscription.25,26

To confirm the specificity of HNA expression in the
K562 panel cells expressing HNA-1a (designated KY-1a),
HNA-1b (KY-1b), and HNA-2a (KY-2a), we used the MoAbs
TAG-1, -2, -3, and -4, which react against HNA-1a, -1b, -1,
and -2a, respectively. KY-1a expressed only HNA-1a, KY-1b
expressed only HNA-1b, and KY-2a expressed only
HNA-2a (data not shown). KY-mock showed no reactivity
to any of the MoAbs (data not shown). Titration with
TAG-1, -2, -3, and -4 showed that as little as 1 mg per mL of
the antibodies could reveal antigen signals on the cells

TABLE 1. Profile of cell lines summarized on the basis of background reactivity and expression of WBC
antigens

Normal
serum*

Nonadherent cell lines Adherent cell lines
K562
0/3

Jurkat
0/3

THP-1
0/3

Namalwa
0/3

CMK
0/3

L cell
3/3

HeLa
1/3

293T
2/3

Cos7
0/3

3T3
2/3

CHO
2/3 weak

HLA†
ABC - + + + + - + + + - -
DR - - - + - + - - + - -
DR,DQ,DP - NT NT NT NT NT NT NT NT NT NT

HNA
1‡ - - - - - - - - - - Weak
2a§ - - - - - - - - - - -
3a|| - NT NT NT NT NT NT NT NT NT NT
4¶ - - - - + - - - + - -
5¶ - + + + + - - - - - -

* Determined by indirect IFT using FITC-anti-human IgG after incubating with three kinds of normal human sera.
† Determined by direct IFT with FITC-anti-HLA ABC, PE-anti-HLA DR, and PE-anti-HLA DR, DQ, DP antibodies.
‡ Determined by direct IFT with FITC-TAG-1, FITC-TAG-2, and TAG-3.
§ Determined by direct IFT with FITC-TAG-4.
|| Determined by indirect IFT using FITC-anti-human IgG after incubating with HNA-3a-reactive serum sample.
¶ Determined by direct IFT using PE-anti-HNA4 (anti-Mac-1) and FITC-anti-HNA5 (anti-LFA-1).
NT = not tested.
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(Fig. 2). These data indicate that the K562 panel cells can
be clearly identified by MoAbs against HNA-1a, -1b, and
-2a without background reactivity.

Reactivity of K562 panel cells to normal human
serum samples
Although we had shown that the parental K562 cells had a
low reactivity to normal human serum (Table 1), we never-
theless tested the reactivity of the four K562 panel cell lines
to 15 normal serum samples. Unexpectedly, more than half
of the serum samples showed greater reactivity to KY-1b
and especially to KY-1a than to KY-mock (Fig. 3A). Both
KY-1a and KY-1b express FcgRIIIb, and FcgRIIIb binds to
monomeric IgG with low affinity (Ka = 5 ¥ 105 L/mol) and to
polymeric IgG with high affinity (Ka > 5 ¥ 107 L/mol ).27

Therefore, we speculated that sera with higher reactivity
would contain more IgG aggregates (polymeric IgG) than
serum samples with lower reactivity and that the IgG aggre-
gates would bind to the transduced FcgRIIIb molecules as
their ligand. To test this possibility, we incubated the K562
panel cells with an anti-FcgRIIIb MoAb, 3G8, known to
specifically block ligand binding to FcgRIIIb.2,28-30 The
MoAb 3G8 did not affect the binding of the HNA-1 allotype-
specific antibodies TAG-1 and -2 (data not shown) because

3G8 and TAG-1 (or -2) bind at different domains, a mem-
brane proximal domain containing receptor-binding sites
for IgG and a distal domain, respectively.28-30 As shown in
Fig. 3B, treatment of each panel cell line with MoAb 3G8
successfully lowered the reactivity of the 15 normal serum
samples to KY-1a and KY-1b, with the most reactive serum
samples showing levels as low as those to KY-mock. There-
fore, it is likely that the reactivity of normal sera to KY-1a
and KY-1b was attributable to the receptor function of the
introduced FcgRIIIb. Similar experiments were conducted
with and without 3G8 treatment with 15 serum samples
identified as positive to HLA Class I and Class II to examine
the effects of HLA antibodies on the reactivity to the panel
cells. The results indicated that HLA antibodies in the test
serum samples bound to the Fc-binding domain of
FcgRIIIb through their Fc region but not their antigen-
combining region, because the binding capacity of the test
serum samples was almost completely inhibited by 3G8
(data not shown). We also revealed that 3G8 did not inter-
fere with the binding of HNA allotype-specific antibodies
to the panel cells (data not shown). These results demon-
strate that each of the panel cell lines pretreated with 3G8
was able to detect allotype-specific antibodies in the test
serum samples without background reactivity.

Application of K562 panel cells for the detection of
human HNA-reactive antibodies
To examine whether our K562 panel cell lines would be
practical for use, we performed an FCM assay of the panel

Fig. 1. Stability of HNA-1a, HNA-1b, and HNA-2a expression in

the K562 panel cells. KY cells were maintained in culture for

1 year and tested in the FCM assay for their reactivity with

HNA MoAbs compared to freshly established KY cells. These

cells were stained with 10 mg per mL FITC-TAG-1, -2, or -4 or

isotype-matched mouse IgG as a control. Thin lines represent

the results with the isotype control antibody.

Fig. 2. HNA-1a, HNA-1b, and HNA-2a expression in the K562

panel cells. Various concentrations of TAG-1, -2, -3, and -4

bound to the corresponding K562 panel cells. Thin lines repre-

sent the results with the isotype control antibody. a = 0.1 mg

per mL; b = 1 mg per mL; c = 10 mg per mL; d = 100 mg per mL.
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cells with serum samples from seven individuals diag-
nosed with certain blood disorders. All serum samples
contained HNA antibodies, and their specificities had
been typed in a GIFT assay (data not shown).10,31 We
further determined that five of them were IgG and the
remainder were IgM, in a modified GIFT assay (data not
shown).18

Among the five IgG serum samples, Serum Samples 1
and 2, which had been typed as anti-HNA-1a, definitely
bound to KY-1a, but a slight peak shift was observed in the
reactivity to both KY-1b and KY-2a (Fig. 4A, columns 1 and
2). Among the HNA-1b-specific sera, Sample 3 exclusively
reacted with KY-1b, but Sample 4 reacted with both KY-1a
and -1b (Fig. 4A, columns 3 and 4). In contrast, the anti-
HNA-2a serum sample, Sample 5, was clearly identified by
our panel cells. The ambiguous results shown in Fig. 4A
might be attributable to nonspecific binding of serum
antibodies to FcgR through the Fc-binding domain. Thus,
to improve the reliability of our assay system, we per-
formed the same experiment but pretreated each panel
cell line with an anti FcgRIIIb MoAb, 3G8. As shown in
Fig. 4B, pretreatment with 3G8 completely abrogated the
slight peak shift seen in Fig. 4A (columns 1, 3, and 4), but it
did not produce an appreciable peak shift (Fig. 4B,
columns 1, 3, and 4). These results indicate that our panel

cells were able to identify HNA antibodies classified as IgG
in test serum samples. We examined the quantifiability of
the K562 panel cells with dilutions of two IgG serum
samples, Samples 2 and 4. The binding of serum HNA
antibodies to the panel cells depended on the concentra-
tion of the serum (Fig. 4C). Finally, we examined the
remaining two IgM serum samples by replacing the
second antibody with anti-human IgM. The anti-HNA-1a-
specific and the anti-HNA-1b-specific serum samples
reacted exclusively with KY-1a and KY-1b, respectively
(data not shown). Taken together, these results clearly
demonstrate that our K562 panel cell lines were able to
detect the clinically important HNA-1 and HNA-2
antibodies in test serum samples, suggesting their useful-
ness in diagnosing certain disorders caused by HNA-
reactive antibodies.

DISCUSSION

Before performing the experiments presented in this
study, we attempted to transduce HNA gene into K562 cell
by several conventional transfection systems and yet
found that the transduction efficiency in K562 cells was
very low (data not shown). In this study, therefore, we used
a retrovirus vector to transduce HNA genes into the target
cell line K562 and successfully established panel cell lines
stably expressing HNA-1a, -1b, and -2a antigen over a long
period of time. Because we used a retrovirus vector to
transduce the HNA genes, we expect that the genes were
integrated into the host DNA and that we will see long-
lasting expression of these genes.22,32 In addition, puromy-
cin selection is expected to rescue the cells from transgene
silencing because of the cotranscription of both puromy-
cin and each HNA gene as a biscistronic mRNA mediated
via the internal ribosome entry site in the vector.25,26

To examine the possibility of the KY cells for a long
term, we tested how long KY cells can be stored at 4°C and
found that KY cells could be stored at 4°C without loss of
reactivity no longer than 2 weeks. In addition, 1 percent
paraformaldehyde treatment failed to improve the stabil-
ity at 4°C (data not shown).

Although the K562 panel cells were clearly identified
by MoAbs against HNA-1a, -1b, and -2a without back-
ground reactivity, several human serum samples obtained
from healthy donors showed slight background reactivity
with the KY-1a and KY-1b cells (Fig. 3A). To determine
whether the background reactivity was caused by the
binding of IgG aggregates, we incubated the K562 panel
cells with an anti-FcgRIIIb MoAb, 3G8,29 and succeeded in
lowering the background reactivity (Fig. 3B). To discrimi-
nate specific signals from nonspecific signals, the 3G8
treatment of KY cells would be able to specifically detect
HNA antibodies in human serum when both of KY-1a and
KY-1b cells exhibit positive signals. In addition to this kind
of nonspecific reactivity, another kind of nonspecific

Fig. 3. Reactivity of normal human sera to K562 panel cells in

the absence and presence of anti-FcgRIIIb MoAb 3G8. K562

panel cells were stained with several normal human serum

samples, washed, and labeled with FITC-conjugated goat anti-

human IgG. (A) The mean fluorescence intensities (MFIs) of

the K562 panel cells incubated with human sera obtained

from 15 healthy donors (Samples 1-15) are shown. (B) The

MFIs of K562 panel cells incubated with MoAb 3G8 are shown.
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reactivity was found in some normal
serum samples like the named Serum
Samples 2, 7, and 8. Although fluo-
rescence signals were observed on
KY-mock, KY-1a, and KY-1b cells, when
stained with these serum samples,
Samples 2, 7, and 8, there were no dif-
ferences in the strength of the signals
among those three types of the KY cells
(Figs. 3A,B). Therefore, the signals do
not impair our test in detecting anti-
HNA-1a or -1b. At this time, we are not
able to explain what exactly caused
these signals, but, at least, it is likely
that HLA antibody and HNA antibody
were not involved, because these serum
samples contained no HLA or HNA
antibody.

Several systems exist for screening
neutrophil antibodies, including the
GIFT,10,31 granulocyte agglutination
test,33 MoAb-specific immobilization
of granulocyte antigens,34 and micro-
mixed passive hemagglutination
methods.35 In these methods, however,
purified neutrophils from a healthy
donor are applied as the only test cells
for antibodies in human serum. Puri-
fied neutrophils exhibit higher back-
ground reactivity against human serum
than the neutrophils in whole blood,
and thus several serum samples ana-
lyzed by these methods showed compli-
cated results owing to the background.

Fig. 4. Histogram profiles of the K562

panel cells stained with various anti-HNA

antiserum. The test serum samples were

derived from patients with autoimmune

neutropenia (first and second panels), a

patient with alloimmune neutropenia

(third panel), a case of nonhemolytic

transfusion reaction (fourth panel), and a

case of TRALI (fifth panel). The K562

panel cells were incubated in the absence

(A) or presence (B) of anti-FcgRIIIb MoAb

3G8, stained with various test serum

samples, washed, and labeled with

FITC-conjugated goat anti-human IgG.

Representative FCM profiles are shown.

(C) Various concentrations of Serum

Samples 2 and 4 bound to the K562 panel

cells. Thin lines indicate the results with

K562 mock-transduced cells.
�
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We have also reported a modified GIFT assay (named five-
cell-lineage IFT) with whole blood as the target cells and
FCM to analyze anti-HNA in the test serum samples; this
modified method has lower background reactivity than
previous methods.18 Information about cells of other lin-
eages, including T cells, B cells, monocytes, and PLTs, can
be helpful in identifying HNA antibodies. The five-cell-
lineage IFT, however, was not able to identify anti-HNA in
several serum samples when anti-HLA Class I had been
produced in test serum samples and bound to the HLA
Class I molecule on the panel neutrophils prepared for the
assay (data not shown). In contrast, the detection system
with our K562 panel cells was not affected by HLA anti-
bodies in the test serum samples because the expression
of HLA Class I antigens on the K562 panel cells was
not observed (data not shown). In addition, previous
methods, including the five-cell-lineage IFT, were not able
to exactly identify HNA antibodies in test serum samples
that included immune complexes or IgG aggregates.18 As
we have shown, the K562 panel cells were able to over-
come this limitation after treatment with the MoAb 3G8
(Figs. 3, 4). Recently, Hart and coworkers36 reported that
immune complex and aggregated IgG bound preferen-
tially to FcgRIIa on neutrophils, and Benoist and cowork-
ers37 reported that K562 cells expressed small quantities of
FcgRIIa. Therefore, we examined whether FcgRIIa affects
the results of HNA antibody detection by pretreating with
an anti-FcgRIIa MoAb and found that the FcgRIIa on K562
panel cells did not interfere with the results (data not
shown).

In our blood center, to screen for WBC antibodies, we
now screen for HLA antibodies by microbead test first
(LABScreen, One Lambda, Inc., Canoga Park, CA). When
HLA antibodies are present, we determine their specificity.
We then screen for antibodies other than HLA antibodies
by five-cell-lineage IFT with panel cells previously typed
for HNA-1 and HNA-2.18 Finally, we perform IFT with KY
cells to confirm the results of five-cell-lineage IFT. In addi-
tion to KY-1a, KY-1b, and KY-2a cells, we are now planning
to establish K562 panel cells expressing HNA-4a or HNA-
5a, to detect HNA-4a and HNA-5a antibodies with KY cells.
The only HNA antibody we were not able to detect with our
K562 panel cells is against HNA-3a. It is not so difficult,
however, to identify HNA-3a antibody with five-cell-
lineage IFT because the frequency of HNA-3a-negative
person is approximately 1 of 20, and we have already found
two HNA-3a-negative personnel in our blood center.

As reported by several groups, the duration of neutro-
penia was significantly dependent on the strength of HNA
in patient serum samples.23,38 Our K562 panel cells were
able to identify the antibodies in the serum sample
(Sample 2) from a patient diagnosed with chronic neutro-
penia after dilution of up to 1000 times (Fig. 4C). There-
fore, the K562 panel cells will be useful in evaluating the
clinical course of chronic neutropenia. Further serum

samples should be analyzed to standardize the panel cells
as a precise diagnostic tool for HNA antibody–related
diseases.
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Abstract

Cancer cells often gain advantage by reducing the tumor-
suppressive activity of transforming growth factor-B (TGF-B)
together with stimulation of its oncogenic activity as in
Ras-transformed cells; however, molecular mechanisms
remain largely unknown. TGF-B activates both its type I
receptor (TBRI) and c-Jun NH2-terminal kinase (JNK), which
phosphorylate Smad2 and Smad3 at the COOH-terminal
(pSmad2/3C) and linker regions (pSmad2/3L). Here, we report
that Ras transformation suppresses TBRI-mediated pSmad3C
signaling, which involves growth inhibition by down-regulat-
ing c-Myc. Instead, hyperactive Ras constitutively stimulates
JNK-mediated pSmad2/3L signaling, which fosters tumor
invasion by up-regulating plasminogen activator inhibitor-1
and matrix metalloproteinase-1 (MMP-1), MMP-2, and MMP-9.
Conversely, selective blockade of linker phosphorylation by
a mutant Smad3 lacking JNK-dependent phosphorylation
sites results in preserved tumor-suppressive function via
pSmad3C in Ras-transformed cells while eliminating pSmad2/
3L–mediated invasive capacity. Thus, specific inhibition of the
JNK/pSmad2/3L pathway should suppress cancer progression
by shifting Smad-dependent signaling from oncogenesis to
tumor suppression. [Cancer Res 2007;67(11):5090–6]

Introduction

Smads are central mediators of signals from the receptors for
transforming growth factor-h (TGF-h) superfamily members to the
nucleus (1). Smads are modular proteins with conserved Mad-
homology 1 (MH1), intermediate linker, and MH2 domains (2). The
catalytically active ThRI phosphorylates the COOH-terminal serine
residues of receptor-activated Smads (3), which are Smad2 and the
highly related protein Smad3. The linker domain can undergo
regulatory phosphorylation by other kinases, including mitogen-
activated protein kinases such as extracellular signal-regulated
kinase (Erk), c-Jun NH2-terminal kinase (JNK) and p38, or cyclin-
dependent kinases (4–7). Phosphorylated Smad2 and Smad3
rapidly oligomerize with Smad4, forming functional trimeric
protein complexes (2). Although monomeric Smad proteins
constantly shuttle in and out of the nucleus, formation of the
activated Smad complex favors their nuclear accumulation (2). In

the nucleus, the Smad complex binds directly to DNA and
associates with a plethora of transcription factors, coactivators,
or corepressors, leading to transcriptional induction or repression
of the target genes (3).
TGF-h can inhibit epithelial cell growth (8), acting as a tumor

suppressor. As currently understood, loss of sensitivity to growth
inhibition by TGF-h in most cancer cells is not synonymous with
complete shutdown of all TGF-h signaling. Instead, cancer cells
gain advantage by selective reduction of the tumor-suppressive
activity of TGF-h together with augmentation of its oncogenic
activity (9, 10). Such a state of altered TGF-h responsiveness is
observed in Ras-transformed cells, which typically exhibit a limited
growth-inhibitory response to TGF-h, while acquiring ability to
invade tissues and form metastases (11). One, therefore, needs to
distinguish between the tumor-suppressive function of TGF-h in
epithelial cells and its tumor-promoting role in Ras-transformed
cells. In the present study, we sought to better understand
molecular mechanisms regulating responses to TGF-h in these
cells.

Materials and Methods

Domain-specific antibodies against phosphorylated Smad2 and
Smad3. Nine polyclonal anti–phospho-Smad3 and anti–phospho-Smad2

sera were raised against the phosphorylated linker and COOH-terminal

regions of Smad2 and Smad3 by immunization of rabbits with synthetic

peptides (Supplementary Fig. S1). Relevant antisera were affinity purified
using the phosphorylated peptides as previously described (6).

Constructs. H-RasV12 was inserted into a pRX retroviral vector together

with blasticidin deaminase gene. Smad3WT, Smad3EPSM, and Smad3(3SA)

were inserted into another retroviral vector, pQCXIN (Clontech), containing
a puromycin resistance marker. Integrity of the constructs was confirmed

by sequencing.

Retroviral infection, expression of RasV12, and mutant Smad3. An
ecotropic virus packaging cell line, BOSC23, was seeded at 1 � 106 cells per

100-mm dish. Twenty-four hours later, the cells were subjected to

transfection with LipofectAMINE (Invitrogen) and 3 Ag of the indicated

constructs for 4 h. After culture of the cells for 48 h, the filtrated culture
supernatants were used for infection.

Parental RGM1 cells (1 � 105 per a six-well plate) were infected with a

retroviral solution carrying H-RasV12 in the presence of 8 Ag/mL polyblene

(Sigma) for 6 h, and then were incubated in 10% FCS/DMEM. After
trypsinizing and replating the cells at a 1:10 dilution on the 3rd day,

selection was initiated with 1 Ag/mL blasticidin (Funacoshi), continuing for

several weeks until blasticidin-resistant Ras-transformed cells (RGMRas)
emerged.

RGMRas cells were infected additively with other retroviral solutions

carrying Smad3WT, Smad3EPSM, or Smad3(3SA). Selection was initiated

with 3 Ag/mL puromycin (Nacalai Tesque), continuing for several weeks
until puromycin-resistant RGMRas cells expressing Smad3 derivatives

emerged. Five colonies per each infection were cloned and were subjected

to assay or passage.

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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Figure 1. Hyperactive Ras alters Smad2 and Smad3 signaling via the JNK pathway, with increased basal pSmad2/3L and shutdown of TGF-h–dependent pSmad3C.
A, schematic diagram of phosphorylation sites in Smad2 and Smad3 recognized by antibodies (Ab ). Anti-pSmad2/3L (Thr) antibody, anti-pSmad2L (Ser245, Ser250, and
Ser255) antibodies, anti-pSmad3L (Ser204, Ser208, and Ser213) antibodies recognized JNK phosphorylation sites in the middle linker regions of Smad2 and Smad3,
whereas anti-pSmad2C (Ser465/467) antibody and anti-pSmad3C (Ser423/425) antibody recognized phosphorylated COOH-terminal SXS sites activated by ThRI. Antisera
were affinity-purified with the phosphorylated peptides followed by absorption with nonphosphorylated peptides. B, either TGF-h or HGF treatment caused inducible
JNK phosphorylation in parental RGM1 cells, whereas Ras-transformed cells showed constitutively elevated phosphorylation of JNK1/2. Serum-deprived RGM-1 and
Ras-transformed (RGMRas) cells were incubated for 30 min with 20 pmol/L TGF-h1 or 400 pmol/L HGF. Ras was analyzed by immunoblotting (IB ) using anti-Ras
antibody (a Ras ). Phosphorylation of JNK was monitored by immunoblotting using anti–phospho-JNK1/2 antibody (a pJNK1/2 ). The total amount of JNK did not change
during stimulation (a JNK1/2 ). C, Ras-transformed cells showed restoration of TGF-h–dependent pSmad3C upon treatment with a JNK inhibitor, SP600125. Serum-
deprived RGM-1 and RGMRas cells were incubated for 30 min with 20 pmol/L TGF-h1 or 400 pmol/L HGF in the absence or presence of 15 Amol/L SP600125.
Following immunoprecipitation (IP ) of cell lysates with anti–Smad2/3 antibody, phosphorylation of Smad2 and Smad3 was analyzed by immunoblotting using each
anti–phospho-Smad2/3 antibody (top ). The total amount of endogenous Smad2 and Smad3 did not change during stimulation (bottom ). Either TGF-h or HGF treatment
caused inducible Smad2 and Smad3 phosphorylation at the linker regions in parental RGM1 cells, whereas RGMRas cells showed constitutively elevated
phosphorylation. Although TGF-h treatment caused Smad2 phosphorylation at the COOH-terminal region in RGMRas cells, COOH-terminal phosphorylation of Smad3
was not induced by TGF-h treatment. SP600125 inhibited TGF-h or HGF-dependent phosphorylation of Smad2L and Smad3L in parental RGM1 cells, as well as
constitutive phosphorylation in RGMRas cells. RGMRas cells showed restoration of TGF-h–dependent pSmad3C upon treatment with SP600125. D, JNK activated by
either TGF-h or HGF signal, as well as JNK constitutively activated by Ras signal directly phosphorylated Smad2L and Smad3L. Serum-deprived RGM1 and RGMRas
cells were incubated for 30 min with 20 pmol/L TGF-h1 or 400 pmol/L HGF. Cell extracts were immunoprecipitated with anti–phospho-JNK1/2 antibody. In vitro kinase
assays were done using GST-tagged Smad2 and Smad3 as substrates. Phosphorylation of Smad2/3 was analyzed by immunoblotting using each anti–phospho-
Smad2/3 antibody (top ). Total Smad2 and Smad3 were monitored by immunoblotting using anti-Smad2/3 antibody (bottom ).
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Figure 2. Ras-transformed cells show restoration of pSmad3C-mediated down-regulation of c-Myc together with minimalized expression of PAI-1, MMP-1, MMP-2,
and MMP-9 upon selective blockade of Smad2 and Smad3 linker phosphorylation. A, hyperactive Ras-mediated signal translocates Smad2 and Smad3 into nuclei.
Serum-deprived RGM1 and RGMRas cells were incubated on slide for 1 h with 20 pmol/L TGF-h1 or 400 pmol/L HGF. After fixation with 4% paraformaldehyde,
slides were incubated with primary antibody for 16 h. Intracellular localization of phosphoisoforms was carried out in each anti–phospho-Smad2/3 immunofluorescence
sample. Either TGF-h or HGF treatment of parental RGM1 cells resulted in nuclear translocation of pSmad2L (Thr220 and Ser255) and pSmad3L (Thr179, Ser208,
and Ser213). The phosphoisoforms were already located in RGMRas cell nuclei before any exogenous TGF-h or HGF treatment. Although pSmad2C was detected in
the nuclei of RGMRas cells after TGF-h treatment, neither basal nor TGF-h–dependent pSmad3C was demonstrable in the nuclei. B, selective blockade of Smad3
linker phosphorylation by a mutant Smad3 lacking JNK-dependent phosphorylation sites resulted in restored TGF-h–dependent Smad3 phosphorylation at the
COOH-terminal region of Ras-transformed cells. RGMRas cells expressing Smad3WT, Smad3(3SA), or Smad3EPSM were incubated for 30 min with 20 pmol/L TGF-h1

or 400 pmol/L HGF. Cell lysates were subjected to anti-Smad2/3 immunoprecipitation and then were immunoblotted with each anti–phospho-Smad2/3 antibody
(top ). Total Smad2 and Smad3 were monitored by immunoblotting using anti-Smad2/3 antibody (bottom ). High expression of Smad3EPSM, but not those of Smad3WT
or Smad3(3SA), blocked linker phosphorylation of Smad2 as well as Smad3 in RGMRas cells, resulting in TGF-h–dependent Smad3 phosphorylation at the
COOH-terminal region as in parental RGM1 cells. C, blockade of Smad3 linker phosphorylation did not affect c-Jun or ATF2 phosphorylation of Ras-transformed cells.
Serum-deprived RGM-1 and RGMRas cells expressing Smad3WT, Smad3(3SA), or Smad3EPSM were incubated for 30 min with 20 pmol/L TGF-h1 or 400 pmol/L
HGF. Phosphorylation of c-Jun and ATF2 was monitored by immunoblotting using anti–phospho-c-Jun antibody (a pc-Jun ) or anti–phospho-ATF2 antibody (a pATF2 ).
The total amount of c-Jun and ATF2 did not change during stimulation (a c-Jun and a ATF2 ). RGMRas cells retained a high degree of c-Jun and ATF2 phosphorylation,
despite highly expressed Smad3EPSM. D, blockade of Smad3 linker phosphorylation resulted in restoration of TGF-h–dependent down-regulation of c-Myc in
Ras-transformed cells. Serum-deprived RGM-1 and RGMRas cells expressing Smad3WT, Smad3(3SA), or Smad3EPSM were incubated for 4 h with 20 pmol/L TGF-h1

or 400 pmol/L HGF. Expression of PAI-1, MMP-1, MMP-2, MMP-9, and c-Myc was monitored by immunoblotting using specific primary antibodies. Either TGF-h
or HGF treatment caused inducible expression of PAI-1 and the MMPs in parental RGM1 cells. HGF treatment of RGM1 cells resulted in up-regulation of c-Myc,
whereas TGF-h signaling rather repressed c-Myc expression. Hyperactive Ras caused constitutively high expression of PAI-1, the MMPs, and c-Myc. RGMRas
cells expressing Smad3EPSM, but not those expressing Smad3WT or 3SA, showed decreased basal expression of PAI-1 and the MMPs, and restored
TGF-h–dependent repression of c-Myc.
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Immunoprecipitation and immunoblotting. Immunoprecipitation

and immunoblotting of endogenous Smad2 and Smad3 were done as

previously described (6).
Immunoblots of total cell lysates also were analyzed using 0.5 Ag/mL

anti-Ras antibody (BD Biosciences), 5 Ag/mL anti–h-actin (Sigma), 3 Ag/mL

anti–phosphorylated JNK1/2 antibody (Promega), 0.1 Ag/mL anti-JNK1/2

antibody (Cell Signaling), 1 Ag/mL anti–c-Myc antibody (Santa Cruz
Biotechnology), 0.1 Ag/mL anti–plasminogen activator inhibitor-1 (PAI-1)

antibody (BD Bioscience), 1 Ag/mL anti–matrix metalloproteinase 1

(MMP1) antibody (Chemicon International), 1 Ag/mL anti-MMP2 antibody
(Chemicon International), and 0.5 Ag/mL anti-MMP9 antibody (Daiichi Fine

Chemicals).

In vitro kinase assay. Bacterial expression and purification of

glutathione S-transferase (GST)-Smad2 and GST-Smad3 were carried out

according to the manufacturer’s instructions (GE Healthcare). Endogenous
kinases were isolated from the protein extracts using anti-pJNK1/2 antibody

(Promega). Immunocomplexes, collected with protein G-Sepharose, were

suspended in kinase assay buffer supplemented with 100 Amol/L ATP and

bacterially expressed GST-Smad2 or GST-Smad3. Assays were carried out as
described previously (5). Degrees of phosphorylation of Smad2/3 were

monitored by immunoblotting using each domain-specific phospho-Smad2/

3 antibody.
Immunofluorescence. The subcellular localization of Smads was

determined as previously described (5). To block binding of anti-pSmad3C

Figure 3. Ras-transformed cells show restoration of TGF-h–dependent tumor-suppressive function together with lack of invasive capacity upon selective blockade
of Smad2 and Smad3 linker phosphorylation. A and B, blockade of Smad3 linker phosphorylation minimalized invasive capacity of Ras-transformed cells in
Matrigel. RGM-1 and RGMRas cells expressing Smad3WT, Smad3(3SA), or Smad3EPSM were cultured on Matrigel for 48 h with 20 pmol/L TGF-h1 and/or 400 pmol/L
HGF (A ). Infiltrating cells were counted in five regions selected at random, and the extent of invading cells was determined by the mean count. Columns and
points, mean (n = 4) from a representative experiment; bars, SD. Percentage of invasion in response to various concentrations of TGF-h was calculated relative
to the invading cell count obtained without exogenous TGF-h (B). Parental RGM1 cells invaded in response to TGF-h (o) or HGF stimulation. RGMRas cells expressing
Smad3WT (E) or 3SA (x) retained constitutively high basal invasive capacity, like RGMRas cells (.); RGMRas cells expressing Smad3EPSM (n) did not show
invasiveness. C and D, blockage of Smad3 linker phosphorylation resulted in restoration of growth-inhibitory response to TGF-h in Ras-transformed cells. RGM-1 and
RGMRas cells expressing Smad3WT, Smad3(3SA), or Smad3EPSM were cultured in a six-well plate for 20 h with 20 pmol/L TGF-h1 and/or 400 pmol/L HGF (C ). DNA
synthesis was measured by incorporation of [3H]thymidine (1 ACi/well) after a 4-h pulse exposure. Extent of DNA synthesis was determined as a mean value for cpm.
Points and columns, mean (n = 4) from a representative experiment; bars, SD. Percentage of DNA synthesis in response to various concentrations of TGF-h was
calculated relative to [3H]thymidine incorporation obtained without exogenous TGF-h (D ). HGF signal increased [3H]thymidine incorporation, whereas TGF-h
signal rather reduced DNA synthesis in parental RGM1 cells (o). RGMRas cells expressing Smad3WT (E) or 3SA (x) maintained constitutively high levels of
basal DNA synthesis, like RGMRas cells (.). RGMRas cells expressing Smad3EPSM (n) showed a growth-inhibitory response to TGF-h similar to that of parental
RGM1 cells.
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antibody to phosphorylated domains in Smad2, anti-pSmad3C antibody
was adsorbed with 1 Ag/mL COOH-terminally phosphorylated Smad2

peptide.

[3H]thymidine incorporation. DNA synthesis was measured by

incorporation of 1 ACi/mL [3H]thymidine (GE Healthcare) into 5%
trichloroacetic acid–precipitable material after 4-h pulse as described

previously (5).

Matrigel invasion assay. Membranes with 8-Am pores covered with

Matrigel (BD Biosciences) on the upper surface were coated with type I
collagen on the lower side. Infiltrating cells were counted in five regions

selected at random as described previously (5).

Results

As lack of antibodies able to selectively distinguish phosphor-
ylation sites in Smad2 and Smad3 has impeded investigation of the
role of each phosphorylation domain in TGF-h signaling, we
generated nine antibodies directed at various phosphorylation sites
(Fig. 1A), and then verified that anti–phospho-Smad2/3L antibody
would react only with specific phosphorylated domains in the
linker regions (Supplementary Fig. S1).
Initially, we investigated TGF-h signaling in well-characterized

cells (RGM1), which were isolated from normal rat gastric
epithelial cells and were sensitive to growth inhibition by TGF-h
(5). Previous work showed that both TGF-h and hepatocyte growth
factor (HGF) were physiologic activators of the JNK pathway, which
was shown to have important implications for Smad2 and Smad3
signaling (12, 13). In support of this notion, TGF-h or HGF
treatment caused inducible JNK phosphorylation in RGM 1 cells
(Fig. 1B). Subsequently, the signal stimulated linker phosphoryla-
tion of Smad2 and Smad3 (Fig. 1C). The JNK inhibitor SP600125
inhibited TGF-h– or HGF-dependent linker phosphorylation
in vivo . In addition, JNK activated by TGF-h or HGF signals could
directly phosphorylate Smad2 and Smad3 at linker regions in vitro
(Fig. 1D). We conclude from these findings that the JNK/pSmad2/
3L pathway can be activated in response to TGF-h or HGF signal in
the immortalized epithelial cells.
We previously reported that TGF-h signaling converted Smad2

and Smad3 into distinct phosphoisoforms: COOH-terminally
phosphorylated Smad2/3 (pSmad2/3C) and linker phosphorylated
Smad2/3 (pSmad2/3L; ref. 14). Translocation of Smad2 and Smad3
into the nucleus upon COOH-terminal phosphorylation by ThRI
is a central event in TGF-h signal transduction (3). To gain
additional insight into the significance of linker phosphorylation,
we examined intracellular localization of each Smad2/3 phos-
phoisoform in RGM1 cells in response to TGF-h or HGF (Fig. 2A).
As expected, most pSmad2C and pSmad3C were located in
RGM1 cell nuclei after TGF-h treatment. In contrast, exposure to
excess HGF did not lead to nuclear accumulation of pSmad2C
or pSmad3C. Although weak pSmad2L (Ser245 and Ser250) and
pSmad3L (Ser204) staining remained in the cytoplasm of RGM1
cells after TGF-h or HGF treatment, these treatments led
to nuclear translocation of pSmad2/3L (Thr), pSmad2L (Ser255),
and pSmad3L (Ser208 and Ser213). Likewise, Smad2/3 phosphory-
lation by activated JNK has been shown to facilitate nuclear
accumulation of Smad2 and Smad3 (12, 13). Taken together,
the various results show that the linker phosphorylation can allow
the Smad2/3 phosphoisoforms to translocate into nuclei via the
activated JNK pathway, irrespective of COOH-terminal phosphor-
ylation.
Ras participates importantly in human carcinogenesis; muta-

tional activation of Ras is frequent in human cancer, and facilitates

tumor invasion and metastasis. To investigate whether excessively
active Ras altered TGF-h signaling in immortalized epithelial cells,
hyperactive Ras was expressed in RGM1 cells by retroviral infection
using a vector carrying H-RasV12, which had a simple amino acid
replacement of a glycine residue by valine. This substitution
represents the critical change in conversion of the proto-oncogene
to an active oncogene (15). Ras-transformed cells (RGMRas)
selected by exposure to blasticidin (Fig. 1B) had a fibroblast
phenotype, resisted growth inhibition by TGF-h, and showed
increased invasiveness.
Hyperactive Ras resulted in sustained JNK activation (16).

Similarly to the JNK phosphorylation profile (Fig. 1B), the linker
regions of Smad2 and Smad3 were constitutively phosphorylated
in RGMRas cells (Fig. 1C ). SP600125 inhibited the linker
phosphorylation in vivo . In addition, JNK activated by Ras-
mediated signal could directly phosphorylate Smad2 and Smad3
at linker regions in vitro (Fig. 1D). These results indicate that
the linker regions are constitutively phosphorylated via the Ras/
JNK pathway. Although nuclear translocation of pSmad2L (Ser245

and Ser250) and pSmad3L (Ser204) required TGF-h addition in
RGMRas cells, pSmad2/3L (Thr), pSmad2L (Ser255), and pSmad3L
(Ser208 and Ser213) were located in nuclei without exposure to
exogenous TGF-h and HGF (Fig. 2A). In contrast, neither basal nor
TGF-h–dependent Smad3 phosphorylation at the COOH-terminal
region was demonstrable (Fig. 1C). Impaired Smad3 phosphoryla-
tion at the COOH-terminal region was not a result of ThRI
inactivation because Ras-transformation did not interfere with
ThRI-mediated Smad2 phosphorylation at the COOH-terminal
region. On the other hand, RGMRas cells showed restoration of
TGF-h–dependent Smad3 phosphorylation at the COOH-terminal
region upon treatment with SP600125. Taken together, the results
indicate that a high degree of JNK-dependent Smad3 phosphory-
lation at the linker region in Ras-transformed cells indirectly
suppresses Smad3 phosphorylation at the COOH-terminal region.

Figure 4. Smad-dependent signaling shows reversible switching between
tumor suppression and oncogenesis. Normal epithelial cells exhibit
TGF-h–dependent Smad3 phosphorylation at the COOH-terminal region, which
involves growth inhibition by repression of c-Myc. Hyperactive H-RasV12

transforms epithelial cells to shutdown pSmad3C-mediated signaling, while
acquiring constitutively active JNK-mediated pSmad2/3L signaling that fosters
tumor growth and invasion by up-regulating c-Myc, PAI-1, and MMP-1, MMP-2,
and MMP-9. Selective blockade of linker phosphorylation by a mutant Smad3
lacking the JNK-dependent linker phosphorylation sites abolishes pSmad2/
3L-mediated invasive properties and restores the TGF-h–dependent tumor-
suppressive function involving pSmad3C that is shown by parental epithelial
cells.
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A JNK inhibitor can block alternative Smad-independent
signaling pathway in the nucleus (17). To inactivate Smad2/3L
selectively, a Smad3 mutant lacking four phosphorylation sites in
the linker region (Erk/prodirected kinase site mutant; Sma-
d3EPSM) was expressed in an additive manner in RGMRas cells
by retroviral infection using another vector, carrying a puromycin
resistance gene. RGMRas cells additively expressing wild-type
Smad3 (Smad3WT) or Smad3(3SA), in which three COOH-
terminal serine residues phosphorylated by ThRI were changed
to alanine, were used as controls. Although endogenous Smad2
and Smad3 were phosphorylated constitutively at linker regions
in RGMRas cells expressing Smad3WT and Smad3(3SA), their
linker phosphorylation dramatically reduced in RGMRas cells
expressing Smad3EPSM (Fig. 2B). Blockade of the linker phos-
phorylation by highly expressed Smad3EPSM did not affect Smad-
independent signaling pathway because RGMRas cells retained a
high degree of c-Jun and ATF2 phosphorylation, despite highly
expressed Smad3EPSM (Fig. 2C). These results suggest that high
Smad3EPSM expression specifically blocks linker phosphorylation
of endogenous Smad2 as well as Smad3 in a dominant-negative
manner.
We further investigated oncogenic Smad signaling in RGMRas

cells. Tumor cell invasion, the first step toward metastasis,
requires complex interactions including recognition and attach-
ment of tumor cells to extracellular matrix (ECM)–binding sites,
proteolytic dissociation of the ECM, and tumor cell migration
within the surrounding tissue. In particular, because degradation
of the ECM is conspicuous, enzymes with a proteolytic effect on
the ECM such as MMP-1, MMP-2, and MMP-9 have been
investigated (18). In addition, PAI-1 facilitates cell migration and
invasion by enhancing cell adhesion. Reflecting the pSmad2/3L
profile in RGMRas cells (Fig. 1C), PAI-1, and the MMPs involved in
cell invasion were constitutively up-regulated (Fig. 2D). Although
expression of Smad3WT and Smad3(3SA) in RGMRas cells did not
affect amounts of PAI-1 or the MMPs, expression of Smad3EPSM
notably reduced these invasion-related proteins in RGMRas cells.
Moreover, RGMRas cells expressing Smad3EPSM showed less
capacity to invade in a chamber assay than the cells expressing
Smad3WT or Smad3(3SA) (Fig. 3A and B). The results suggest
that pSmad2/3L–mediated signaling maintains overexpression of
PAI-1 and the MMPs that promotes malignant behavior in Ras-
transformed cells.
Consistent with restoration of Smad3 phosphorylation at the

COOH-terminal region upon treatment to RGMRas cells with
SP600125 (Fig. 1C ), RGMRas cells expressing Smad3EPSM
showed TGF-h–dependent Smad3 phosphorylation at the
COOH-terminal region (Fig. 2B). This restoration could be
explained in terms of remobilization of the Smad3 molecule
from the nucleus to the cytoplasm where it would have access to
membrane-anchored ThRI. In sum, hyperactive Ras drastically
alters TGF-h signaling through the JNK pathway, increasing basal
nuclear pSmad2/3L activity while shutting down TGF-h–depen-
dent pSmad3C available for action in the nuclei. This could
account for a lack of TGF-h–dependent Smad3C phosphorylation
in cell nuclei of sporadic human colorectal cancer (19) and
hepatocellular carcinoma (20).
TGF-h inhibits cell growth via Smad-mediated transcriptional

regulation of critical regulators of the cell cycle (1). The first direct
transcriptional target of the TGF-h pathway that explains how this
cytokine inhibits proliferation of epithelial cells is c-Myc (8), the
expression of which in parental RGM1 cells was repressed

by TGF-h (Fig. 2D). Aberrant expression of c-Myc in RGMRas cells
(Fig. 2D) might contribute to resistance to the growth suppression
in response to TGF-h (Fig. 3C and D), because c-Myc actively
represses expression of critical cell cycle regulatory genes
like p15Ink4B and p21Cip1 (2). Similarly to restoration of
TGF-h–dependent Smad3 phosphorylation at the COOH-terminal
region in RGMRas cells expressing Smad3EPSM (Fig. 2B), the cells
exhibited TGF-h–dependent inhibition of c-Myc expression
(Fig. 2D) and [3H]thymidine incorporation (Fig. 3C and D)
comparable with findings in parental RGM1 cells.

Discussion

In this study, we showed that TGF-h transmitted a signal
through ThRI-dependent pSmad3C, participating in the cytostatic
response by repressing transcriptional activity of c-Myc gene. On
the other hand, Ras-activated JNK/pSmad2/3L signaling alone was
able to provide oncogenic potential to the epithelial cells via up-
regulation of c-Myc, PAI-1, MMP-1, MMP-2, and MMP-9, resulting
in strongly enhanced tumor growth and invasion. Taken together,
domain-specific phosphorylation of Smad2 and Smad3 is a key
determinant regulating transcriptional activation of several target
genes, ultimately selecting either tumor suppression or oncogen-
esis (Fig. 4).
Oncogenic Ras has been reported to activate Erk1/2, which

directly phosphorylate the linker regions of Smad2 and Smad3 (4),
with consequent blockage of all Smad signaling including Smad-
dependent transcriptional activities of several target genes.
However, our current results showed that hyperactive Ras
constitutively activated the JNK pathway (Fig. 1B), leading to
sustained linker phosphorylation of Smad2 and Smad3 (Fig. 1C
and D), their nuclear translocation (Fig. 2A), and expression of
PAI-1 and MMPs (Fig. 2D). Accordingly, exogenous TGF-h and HGF
were unable to additionally enhance the JNK/pSmad2/3L–mediat-
ed invasive capacity of the Ras-transformed cells (Fig. 3A and B). In
support of this notion, selective blockade of the linker phosphor-
ylation in the Ras-transformed cells by a mutant Smad3 lacking
JNK-dependent phosphorylation sites (Fig. 2B) resulted in minimal
expression of PAI-1 and MMPs (Fig. 2D), and consequent
disappearance of invasion by the cells (Fig. 3A and B). Taking the
findings together, we conclude that oncogenic TGF-h signaling
results from the functional collaboration of Ras and Smad rather
than from Ras-mediated inhibition of the Smad pathway.
Deepening molecular understanding of signaling pathways

closely associated with changes in human tissues during carcino-
genesis has spurred and guided efforts to develop new molecularly
targeted therapeutics for human cancer. The intrinsic value of
target evaluation in model systems ultimately lies in the extent to
which these systems accurately represent characteristics of human
disease. In this respect, we have reported that TGF-h signaling
conferred a selective advantage upon tumor cells by shifting from a
tumor-suppressive ThRI/pSmad3C pathway to an oncogenic JNK/
pSmad3L pathway during sporadic human colorectal carcinogen-
esis (19), an observation extended to hepatic carcinogenesis (20).
Our current results showed reversibility of Smad-dependent

signaling between tumor suppression and oncogenesis (Fig. 4). By
using genetic as well as pharmacologic approaches, we showed
that blockade of linker phosphorylation abolished oncogenic
properties in Ras-transformed cells and restored the pSmad3C-
mediated tumor-suppressive function present in parental epithe-
lial cells. A key therapeutic aim in cancer would be restoration of

Tumor-Suppressive and Oncogenic Signaling by Smad

www.aacrjournals.org 5095 Cancer Res 2007; 67: (11). June 1, 2007



the lost tumor-suppressive function observed in normal epithelial
cells, together with disruption of fundamental signaling pathways
that enable tumors to grow and invade. Accordingly, we have
reason to hope that specific inhibition of the JNK/pSmad3L
pathway can suppress progression of human cancer by a shift
from oncogenesis to tumor suppression. In evaluating effective-
ness of targeted therapies for human cancer, pSmad2/3L and
pSmad3C should serve as useful biological markers that measure
patient responses.
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ABSTRACT

Recently, we have identified human cord blood (CB)-
derived CD34-negative (CD34�) severe combined immu-
nodeficiency (SCID)-repopulating cells (SRCs) using the
intra-bone marrow injection (IBMI) method (Blood 2003;
101:2924). In contrast to murine CD34� Kit�Sca-1�Lin-
eage� (KSL) cells, human CB-derived Lin�CD34� cells
did not express detectable levels of c-kit by flow cytom-
etry. In this study, we have investigated the function of
flt3 in our identified human CB-derived CD34� SRCs.
Both CD34�flt3�/� cells showed SRC activity. In the
CD34� cell fraction, only CD34�flt3� cells showed dis-
tinct SRC activity by IBMI. Although CD34�flt3� cells
showed a rather weak secondary repopulating activity,
CD34�flt3� cells repopulated many more secondary re-

cipient mice. However, CD34�flt3� cells repopulated all
of the secondary recipients, and the repopulating rate was
much higher. Next, we cocultured CD34�flt3� cells with
the murine stromal cell line HESS-5. After 1 week, sig-
nificant numbers of CD34�flt3�/� cells were generated,
and they showed distinct SRC activity. These results in-
dicated that CB-derived CD34�flt3� cells produced
CD34�flt3� as well as CD34�flt3� SRCs in vitro. The
present study has demonstrated for the first time that
CB-derived CD34� SRCs, like murine CD34� KSL cells,
do not express flt3. On the basis of these data, we propose
that the immunophenotype of very primitive long-term
repopulating human hematopoietic stem cells is
Lin�CD34�c-kit�flt3�. STEM CELLS 2007;25:1348 –1355

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

It is well documented that the tyrosine kinase receptors c-kit and
flt3 are expressed and function in early mouse [1–10] and
human hematopoiesis [1, 11–21]. Moreover, their respective
ligands, stem cell factor (SCF) and flt3 ligand (FL), synergisti-
cally act with each other and play an important role in the
regulation (generation, maintenance, proliferation, differentia-
tion, and expansion) of early stages of murine and human
candidate hematopoietic stem cells (HSCs) [1–21]. The most
primitive HSCs in mammals, including mice and humans, have
long been believed to be CD34 antigen-positive (CD34�) [22].
However, Osawa et al. [23] revealed that murine long-term
lymphohematopoietic reconstituting HSCs are lineage marker-
negative (Lin�) c-kit�Sca-1�CD34-low/negative (CD34lo/�

KSL). In a murine model, it was recently reported that flt3�

KSL cells supported long-term multilineage hematopoietic re-
constitution [24]. In contrast, flt3� KSL cells are progenitors for
the common lymphoid stage [24]. These flt3� KSL cells have
also been shown to lack erythro-megakaryocytic potential [25].
This notion was supported by the other reports that mice defi-
cient in the expression of flt3 or FL showed deficient lympho-
poiesis [26–28].

Recently, using the intra-bone marrow injection (IBMI)
method, we have successfully identified human cord blood
(CB)-derived CD34-negative (CD34�) severe combined immu-
nodeficiency (SCID)-repopulating cells (SRCs) with extensive
lymphoid and myeloid repopulating ability [29]. These CD34�

SRCs seemed to be more primitive HSCs than CD34� SRCs
[29, 30]. They could home into the BM niche only by IBMI,
because they expressed lower levels of homing receptors, in-
cluding CXCR4, and had poor SDF-1/CXCR4-mediated migra-
tion ability [29]. In contrast to the murine candidate HSCs
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Science, Kansai Medical University, Moriguchi, Osaka 570-8506, Japan. Telephone: �81-6-6993-9435; Fax: �81-6-6992-3522; e-mail:
sonoda@takii.kmu.ac.jp Received November 8, 2006; accepted for publication February 6, 2007; first published online in STEM CELLS
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(CD34� KSL cells) [23], our identified CD34� SRCs did not
express detectable levels of c-kit tyrosine kinase receptor by
flow cytometry. However, the degree to which flt3 is expressed
on human HSCs, including CD34� and CD34� SRCs, which
are capable of in vivo lymphomyeloid reconstitution, has not
been fully elucidated.

Until now, a number of studies have reported that flt3 is
expressed and functioned in the human CD34� hematopoietic
progenitor cells [11–17, 19, 20], including long-term culture-
initiating cells (LTC-ICs) [15, 20, 31]. However, only two
reports have demonstrated, using the conventional intravenous
injection method, that human CB- and bone marrow (BM)-
derived CD34� HSCs capable of multilineage reconstitution in
nonobese diabetic (NOD)/SCID mice express flt3 tyrosine ki-
nase receptor [31, 32].

In this study, we have investigated, using the IBMI method,
the function of flt3, which is expressed in early mouse [1–10]
and human [11–21] hematopoiesis like c-kit, in our identified
very primitive human CB-derived CD34� SRCs [29, 30], as
well as more committed CD34� SRCs. Our data clearly dem-
onstrate that part of human CB-derived CD34� SRCs express
flt3, as reported previously [31, 32]. However, only
CD34�flt3� cells showed significant secondary repopulating
ability, even when a comparable number of CD34�flt3� cells as
CD34�flt3� cells was transplanted. Moreover, CD34�flt3�

cells showed distinct and potent SRC activity by IBMI, and they
showed high and efficient secondary repopulating ability com-
pared with CD34�flt3� cells. The CD34�flt3� cells also pro-
duced CD34�flt3� and CD34�flt3� SRCs after the coculture
with the murine stromal cell line HESS-5 in vitro, suggesting
that these CD34�flt3� cells contained very primitive human
CB-derived HSCs. The results of the present study are con-
sistent with recent studies of the significance of flt3 expres-
sion in murine primitive hematopoiesis [24–28] and provide
a new concept of hierarchy in the human primitive HSC
compartment.

MATERIALS AND METHODS

Collection of CB Samples and Processing
CB samples were obtained from normal full-term deliveries with
signed informed consent and approved by the institutional review
boards of Kansai Medical University and Kyoto Prefectural Uni-
versity of Medicine. CB-derived mononuclear cells (MNCs) were
isolated using Ficoll-Paque (Amersham Biosciences AB, Uppsala,
Sweden; http://www.amersham.com) density gradient centrifuga-
tion. The MNCs were further enriched by negative depletion of
eight lineage-positive cells, including CD3, CD14, CD16, CD19,
CD24, CD56, CD66b, and Glycophorin A using a StemSep device
(StemCell Technologies, Vancouver, BC, Canada; http://www.
stemcell.com), as reported previously[29, 30].

Purification of Lin�CD34�flt3�/� and
Lin�CD34�flt3�/� Cells
The above-mentioned lineage-negative (Lin�) cells were stained
with fluorescein isothiocyanate (FITC)-conjugated anti-CD45
monoclonal antibody (mAb) (Beckman Coulter, Fullerton, CA,
http://www.beckmancoulter.com), PC5-conjugated anti-CD34 mAb
(Beckman Coulter), and biotinylated anti-flt3 mAb (M22, Immu-
nex, Seattle, http://immunex.com) followed by incubation with
streptavidin-phycoerythrin (SA-PE; Becton Dickinson, Franklin
Lakes, NJ, http://www.bd.com), as reported previously [20, 29, 30].
These stained cells were then sorted into four fractions, including
CD34�flt3�/� and CD34�flt3�/� cells, as shown in Figure 1C
using a FACSVantage (Becton Dickinson) as reported [29, 30]. The
viability of these sorted cells was consistently more than 99%.
Approximately 80% of the CD34� cell fraction in these Lin�

cells expressed flt3 receptor. On the other hand, only 30% of the
CD34� cell fraction in the same Lin� cells expressed this
receptor. In separate experiments, we stained these immunomag-
netically separated Lin� cells with 13 FITC-conjugated lineage-
specific mAbs as reported previously [29], PC5-conjugated anti-CD34
mAb (Beckman Coulter), and PE-conjugated anti-c-kit mAb (Beckman
Coulter) and examined the expression pattern of c-kit receptor (Fig.
1D).

Clonal Cell Culture
Human colony-forming cells (CFCs) were assayed using our stan-
dard methylcellulose cultures as reported previously [18–21, 29, 30,
33, 34]. Briefly, 200 or 500 sorted Lin�CD34�/�flt3�/� cells were
plated in 1 ml of culture containing 1.2% methylcellulose (Shinetsu
Chemical, Tokyo, http://www.shinetsu.co.jp/e), 30% fetal calf se-
rum (FCS; Hyclone, Laboratories, Logan, UT, http://www.hyclone.
com), 1% bovine serum albumin (Sigma-Aldrich, St Louis, http://
www.sigmaaldrich.com), 5 � 10�5 mol/L 2-mercaptoethanol
(Sigma-Aldrich), and various recombinant human (rh) cytokines,
including SCF, interleukin (IL)-3, granulocyte macrophage colony-
stimulating factor (GM-CSF), granulocyte colony-stimulating factor
(G-CSF), and erythropoietin (Epo) in 35-mm Lux suspension cul-
ture dishes (Nunc, Rochester, NY, http://www.nuncbrand.com). For
culture of megakaryocyte colony-forming cell (CFU-Meg), 10%
platelet-poor plasma (PPP) [33] instead of 30% FCS, and rh throm-
bopoietin (TPO) were used. Cytokines, including G-CSF, Epo, and
TPO were provided by Kirin Brewery Company (Takasaki, Japan,
http://www.kirin.com). SCF, IL-3, and GM-CSF were purchased
from R&D Systems Inc. (Minneapolis, http://www.rndsystems.
com). Dishes were incubated at 37°C in a fully-humidified atmo-
sphere flushed with a combination of 5% CO2, 5% O2, and 90% N2.
On days 12–14 of incubation, all colonies were scored under an
inverted microscope according to their typical morphologic fea-
tures, as reported elsewhere [18–21, 29, 30, 33]. CFU-Meg-derived
pure megakaryocyte colonies were identified in situ as clusters of
large cells, which were highly refractile and showed irregular con-
tour and hyaline nongranulated cytoplasm. The types of colonies
identified in situ were granulocyte (CFU-G), macrophage (CFU-
M), granulocyte/macrophage (CFU-GM), erythroid burst (BFU-
E), erythrocyte-containing mixed (CFU-Mix), and the above-
mentioned CFU-Meg. The numbers of all types of hematopoietic
colonies were determined as the mean of three independent
experiments.

Figure 1. Expression of flt3 or c-kit receptor on cord blood-derived
Lin� cells. (A): The forward scatter/SSC profile of immunomagneti-
cally separated Lin� cells. The R1 gate was set on the lymphocyte
window. (B): Lin�CD45�CD34�/� cells present in R1 gate were
gated as R2. (C): The expression pattern of CD34 and flt3 on R2
gated cells is shown. Cells residing in the four cell fractions were
classified as Lin�CD34�flt3�, Lin�CD34�flt3�, Lin�CD34�flt3�,
and Lin�CD34�flt3� cells, respectively. Each sorting window is
shown as a solid square. Figures in upper right corner show percent-
ages of cells in each quadrant. (D): The expression pattern of c-kit on
Lin�CD34�/� cells in a separate experiment. Abbreviations: FITC,
fluorescein isothiocyanate; FSC, forward scatter; PE, phycoerythrin;
SSC, side scatter.
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IBMI of Purified Cells
IBMI was carried out as reported previously [29, 30, 35]. Briefly,
after sterilization of the skin around the left knee joint, the knee was
flexed to 90 degrees and the proximal side of the tibia was drawn to
the anterior. A 27-gauge needle was inserted into the joint surface
of the tibia through the patellar tendon and then inserted into the
BM cavity. Using a Hamilton’s microsyringe, the number-specified
donor cells per under 10 �l of �-medium were carefully and slowly
injected from the bone hole into the BM cavity.

SCID-Repopulating Cell Assay
An SRC assay was performed using the methods reported previ-
ously [36, 37] with modifications [29, 30, 38]. Five-week-old NOD/
Shi-scid/scid (NOD/SCID) mice were purchased from Clea Japan
(Tokyo, Japan, http://www.clea-japan.com). The animal experi-
ments were approved by the Animal Care Committees of Kansai
Medical University and Kyoto Prefectural University of Medicine.
All mice were handled in sterile conditions and maintained in
germ-free isolators located in the Central Laboratory Animal Facil-
ities of Kansai Medical University and Kyoto Prefectural University
of Medicine. In this study, purified 3 � 104 to 5 � 104 CB-derived
Lin�CD34�flt3�/�, or 2 � 104 to 7 � 104 CB-derived
Lin�CD34�flt3�/� cells were transplanted by IBMI into suble-
thally irradiated (250 cGy using a 137Cs-� irradiator) 8–12-week-
old mice. As we reported previously [29, 30], CB-derived CD34�

SRCs were detected only by the IBMI technique. Moreover, the
repopulation rate of CD34� SRCs by IBMI was significantly higher
than that by the conventional tail-vein injection method [29]. There-
fore, we used the IBMI technique to analyze SRC activities of
Lin�CD34�/�Flt3�/� cells in this study. The mice were killed
8–12 weeks after transplantation, and the BMs from the pairs of
femurs, tibiae, and humeri of each mouse were flushed into �-me-
dium. The rates of human CD45� cells in the murine BMs were
analyzed by flow cytometry (FACS Calibur; Becton Dickinson) as
described in the next section. Mice were scored as positive if over
0.1% of total murine BM cells were human CD45�.

Analysis of Human Cell Engraftment in NOD/SCID
Mice by Flow Cytometry
The repopulation of human hematopoietic cells in murine BMs was
determined by detecting the number of cells positively stained with
PC5-conjugated anti-human CD45 mAb (Beckman Coulter) by
flow cytometry. The cells were also stained with PE-conjugated
anti-human CD34 mAb (Becton Dickinson), and FITC-conjugated
mAbs for human lineage-specific Ags, including CD19 (eBio-
science, San Diego, http://www.ebioscience.com), and CD33
(Beckman Coulter) for the detection of human lymphoid and my-
eloid hematopoietic cells, respectively.

Secondary Transplantation
For secondary transplantations, murine BM cells were obtained
from the pairs of femurs, tibiae, and humeri of moderately engrafted
primary recipient mice 8–12 weeks after transplantation with 3 �
103 to 5 � 103 Lin�CD34�flt3�, 4 � 103 to 5 � 103

Lin�CD34�flt3�, or 2 � 104 to 3 � 104 Lin�CD34�flt3� cells,
respectively. The human cell repopulation rates in the primary
recipients’ BMs were comparable and approximately 4%–8%.
Whole BM cells were transplanted by IBMI into sublethally (250
cGy) irradiated secondary recipient mice. Eight to 10 weeks after
transplantation, the presence of human CD45� cells in the second-
ary recipients’ BMs was analyzed by flow cytometry, as described
for primary transplantation.

Coculture with HESS-5 Cells and SRC Activity of
Culture-Generated CD34�flt3�/� Cells
A total of 5 � 104 purified Lin�CD34�flt3� cells per 12.5-cm2

culture flask (BD Falcon; Becton Dickinson) onto preestablished
irradiated HESS-5 [39] layers in StemPro-34 medium (Gibco Lab-
oratories, Grand Island, NY, http://www.invitrogen.com) and a
cocktail of cytokines, including 300 ng/ml SCF (R&D), 300 ng/ml
TPO (Kirin), 10 ng/ml IL-3 (R&D), 10 units/ml IL-6 (provided by

Dr. Akira Okano, Ajinomoto Co. Inc., Yokohama, Japan, http://
www.ajinomoto.com), 10 ng/ml G-CSF (Kirin), and 5% FCS (Hy-
clone). After 1 week, all cells were collected by vigorous pipetting,
and stained with PC5-conjugated anti-CD34 mAb (Beckman
Coulter) and biotinylated anti-flt3 mAb (Immunex) as mentioned
herein. Cells were then stained with SA-PE (Becton Dickinson).
The rates of CD34�flt3�/� cells were analyzed by flow cytometry.
Simultaneously, these CD34�flt3�/� cells were separately obtained
by cell sorting (FACSVantage) for the detection of SRC activity.
One to 2 � 104 CD34�flt3� or 2 � 104 to 4 � 104 CD34�flt3�

cells were transplanted by IBMI into sublethally (250 cGy) irradi-
ated recipient mice. Eight weeks after transplantation, the presence
of human CD45� cells in the recipients’ BMs was analyzed by flow
cytometry, as described for primary transplantation.

Statistical Analysis
The significance of differences in the SRC assays and the numbers
of hematopoietic colonies was determined using the Mann-Whitney
U test and the two-tailed Student’s t test, respectively.

RESULTS

Expression of flt3 and c-kit Receptors on
Lin�CD45�CD34�/� Cells
First, we depleted the eight lineage-positive cells from CB-
derived MNCs using the immunomagnetic beads system [29,
30]. Then, Lin�CD45�CD34�/� cells were gated as R2 as
shown in Figure 1B. These Lin�CD45� cells were subdivided
into four distinct populations on the basis of their surface CD34
and flt3 expression (Fig. 1C). We sorted these four fractions
for further stem cell characterization. The phenotypic purity
of the sorted cells consistently exceeded 98% when checked
using postsorting flow cytometric analysis (data not shown).
Importantly, these Lin�CD34� cells did not express detect-
able levels of c-kit receptors by flow cytometry, as shown in
Figure 1D.

Characteristics of Colony-Forming Capacity by CB-
Derived Lin�CD34�/�flt3�/� Cells
The colony-forming capacities of these four fractions were quite
different. The plating efficiency of each Lin�CD34�flt3� or
Lin�CD34�flt3� cell fraction was approximately 50% and
comparable (Fig. 2A). Lin�CD34�flt3� cells contained approx-
imately 81% CFU-GM, 17% BFU-E, and 2% CFU-Mix. In
contrast, Lin�CD34�flt3� cell fraction contained 21% CFU-
GM, 66% BFU-E, and 12% CFU-Mix. The
Lin�CD34�flt3�/� cell fractions showed almost no colony
formation (data not shown). On the other hand, the vast
majority of CFU-Megs (more than 90%) were detected in the
Lin�CD34�flt3� cell fraction (Fig. 2B).

These results clearly demonstrate that CB-derived
Lin�CD34�flt3� cells display weak erythroid and megakaryo-
cytic potentials. These findings were consistent with a recent
study in which murine flt3� KSL cells failed to produce signif-
icant erythroid and megakaryocytic progeny [25].

SRC Activity and Lymphomyeloid-Reconstituting
Capacity of CB-Derived Lin�CD34�/�flt3�/� Cells
by IBMI
In this study, we have investigated the function of flt3 in our
identified human CB-derived CD34� SRCs. First, we studied
the SRC activity of CB-derived Lin�CD34�flt3�/� or
CD34�flt3�/� cells using IBMI, as shown in Figure 3. Both
CD34�flt3�/� cells repopulated all 20 recipient mice (10 mice
each). The level of human CD45� cells in the murine BMs that
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received transplants of CD34�flt3� cells (n � 10; 29.3% to
90.8%; median, 65.4%) was higher than those that received
transplants of CD34�flt3� cells (n � 10; 0.3% to 45.1%;
median, 16.9%).

On the other hand, the seven mice that received transplants of
CD34�flt3� cells did not show human cell repopulation. Only
CD34�flt3� cells repopulated all seven recipient mice, and the
level of human CD45� cells in the murine BMswas 4.1% to 63.3%
(median, 37.9%). These results indicated for the first time that the
CB-derived Lin�CD34�flt3� cell population contained SRCs, as
detected by IBMI.

To further evaluate the function of flt3 expression in CD34�

and CD34� SRCs, we studied their lymphomyeloid reconstitu-
tion abilities using IBMI. In our SRC assay system, all NOD/
SCID mice transplanted either with 3 � 104 to 5 � 104

Lin�CD34�flt3�/� cells or 5 � 104 to 7 � 104

Lin�CD34�flt3� cells by IBMI showed signs of human cell
engraftment. The analyses of the three representative mice trans-
planted either with Lin�CD34�flt3�/� cells or Lin�

CD34�flt3� cells clearly indicate that these three classes of
SRCs have an extensive differentiation capacity to B-lymphoid
(CD19) and myeloid (CD33) lineages in vivo (Table 1).

Next, the percentages of lineage-positive cells expressing
CD19 and CD33 were compared (Table 1). These results dem-
onstrated that all three classes of SRCs could supply lymphoid
as well as myeloid cells at 8–12 weeks after the transplantation.
Interestingly, CD34�flt3� SRCs showed a lymphoid-dominant
repopulation pattern compared with the other two classes of
SRCs. These results are consistent with the notion that cells in
the Lin�Sca-1�c-kit� murine HSC compartment coexpressing
flt3 tyrosine kinase receptor sustain lymphoid potential [24, 25],
and also that mice deficient in the expression of flk2/flt3 or FL
show deficient lymphopoiesis [26–28].

Secondary Repopulating Ability of Lin�CD34�

flt3�/� or Lin�CD34�flt3� Cells by IBMI
To further evaluate the long-term repopulating potential of these
three populations (CD34�flt3�, CD34�flt3�, and CD34�flt3�

cells), BM cells obtained from each engrafted primary recipient
mouse were assessed for their SRC activity by secondary trans-
plantation by IBMI. Only one of six mice that received whole
BM cells obtained from primary recipient mice that received
transplants of CD34�flt3� cells showed secondary repopulating
activity (Fig. 4). On the other hand, 83% (five of six) of the

Figure 2. Colony-forming capacities of Lin�CD34�flt3�/� cells. (A):
The colony-forming capacities of 200 Lin�CD34�flt3�/� cells in the
presence of stem cell factor, interleukin-3, granulocyte macrophage
(GM) colony-stimulating factor (CSF), granulocyte (G) CSF, and eryth-
ropoietin. Open, shaded, closed, and gray bars represent the number of
granulocyte/macrophage colony-forming units (CFUs; including
CFU-G, CFU-macrophage, and CFU-GM), erythroid burst, CFU-Mix,
and total colony, respectively. (B): The colony-forming capacities of
500 Lin�CD34�flt3�/� cells in the presence of thrombopoietin. Closed
bars represent the number of megakaryocyte CFUs. The numbers of all
types of colonies were determined as the mean of three independent
experiments. Vertical bars represent standard deviation, and asterisks
show statistical significance (p � .01) between the numbers of desig-
nated colonies formed by flt3� and flt3� cells, respectively.

Figure 3. Severe combined immunodeficiency-repopulating cell activ-
ities of Lin�CD34�/�flt3�/� cells by intra-BM injection (IBMI). (A):
Each mouse transplanted with designated numbers of cord blood-
derived Lin�CD34�flt3�, Lin�CD34�flt3�, Lin�CD34�flt3�, and
Lin�CD34�flt3� cells was sacrificed 8–12 weeks after transplantation.
Closed circles represent the repopulation rates in total murine BMs by
the IBMI, respectively. Horizontal bars represent each median of the
repopulation rates. (B–D): The human CD45� cell reconstitution in
the representative mouse presented in (A) received transplants of
CD34�flt3� (B), CD34�flt3� (C), and CD34�flt3� (D) cells, respec-
tively. Percentages of cells in each quadrant are presented in the upper
left corner. Abbreviations: BM, bone marrow; PE, phycoerythrin.

Table 1. Lymphomyeloid reconstitution abilities of
CD34�flt3�/� and CD34�flt3� severe combined
immunodeficiency repopulating cells by intra-bone marrow
(BM) injection

Cells

%

CD33 CD19

CD34�flt3� 5.9 44.4
4.5 41.5
2.8 29.5

CD34�flt3- 1.3 16.9
1.1 6.1
0.5 2.1

CD34�flt3� 7.4 19.3
3.3 21.1
1.9 13.4

Each mouse transplanted with designated numbers of cord blood-
derived Lin�CD34�flt3�, Lin�CD34�flt3�, and
Lin�CD34�flt3� cells was sacrificed 8 to 12 weeks after
transplantation. First, the R1 gate was set on the total murine BM
cells obtained from these representative mice, and then human
CD45� cells were gated as R2. Expression of lineage markers,
including CD19 (lymphoid) and CD33 (myeloid) on the R2 gated
cells, was analyzed by three color flow cytometry. Boldfacing
represents each median of the repopulation rates.

1351Kimura, Asada, Wang et al.

www.StemCells.com

 at K
PT

 Infotrader, Inc. on Septem
ber 11, 2008 

w
w

w
.Stem

C
ells.com

D
ow

nloaded from
 



secondary recipients that received whole BM cells from
primary recipients that received CD34�flt3� cells could be
repopulated. Moreover, all five secondary recipient mice that
received whole BM cells from primary recipients that re-
ceived CD34�flt3� cells could be repopulated with a higher
secondary repopulating rate (Fig. 4). These results demon-
strated that CD34�flt3� SRCs have more potent secondary
reconstituting abilities in comparison with the other two
types of SRCs, and could sustain long-term human hemato-
poiesis in NOD/SCID mice.

SRC Activity of Culture-Generated CD34�flt3�/�

Cells by IBMI
Recently, we reported that our identified CD34� SRCs could
produce CD34� SRCs after being cocultured with the murine
stromal cell line HESS-5 [29]. Therefore, we cocultured
CD34�flt3� cells with HESS-5 in the presence of SCF, TPO,
IL-3, IL-6, and G-CSF, as reported previously [29]. After 1
week, significant numbers of CD34�flt3� and CD34�flt3�

cells were generated, as shown in Figure 5C. We then sorted
these two populations (CD34�flt3�/� cells) and tested their
SRC activities by IBMI. Seven of 10 and 5 of 10 mice that
received either CD34�flt3� or CD34�flt3� cells were repopu-
lated with human cells. (Table 2). Human cell repopulation rates
in mice that received transplants of either CD34�flt3� or
CD34�flt3� cells were 1.2%–8.8% (median, 4.5%) and 1.4%–
7.8% (median, 3.7%), respectively.

DISCUSSION

A number of studies have demonstrated that flt3 tyrosine kinase
receptor plays a pivotal role in the regulation of primitive
murine [1–10] and human [11–17, 19, 20] hematopoietic stem/
progenitor cells such as c-kit. In the murine model, the expres-
sion and functional significance of flt3 and c-kit receptors in
early hematopoiesis has been investigated extensively [1–10,
23–28, 40–42]. Many studies have suggested that murine plu-

ripotent long-term repopulating hematopoietic stem cells (LTR-
HSCs) express c-kit [40–42]. Particularly, Osawa et al. [23]
clearly indicated that a single CD34� KSL cell efficiently
reconstituted as many as one of five recipient mice. However,
they did not rule out the possibility of coexistence of a less
frequent c-kit� LTR-HSC, which might fail to home into the
BM niche by intravenous injection. In support of the potential
existence of c-kit� murine HSCs, several studies have reported
the existence of LTR-HSCs with little or no c-kit expression
[43–45]. Among them, Doi et al. [43] clearly demonstrated that
candidate HSC could be subdivided into c-kitlow and c-kit�low

(no detectable cell surface expression but positive for mRNA
expression) populations. Both populations could support donor-
type long-term multilineage reconstitution in primary recipients.
However, only c-kit�low HSCs showed secondary and tertiary
reconstituting capacity. In addition, Ortiz et al. [44] reported that
c-kit� pluripotent stem cells can give rise to c-kit� cells with
colony-forming unit in spleen (CFU-S) activity, suggesting that
c-kit� HSCs are recruited from a more primitive quiescent
c-kit� HSC population. Collectively, these reported studies sug-
gest that most of the murine LTR-HSCs express a low to high
level of c-kit on their surfaces, but also that there is a less
frequent subpopulation expressing less than a low level of c-kit
coexisting in murine BMs.

On the other hand, the flt3 receptor has also been shown to
be expressed and to function in murine candidate HSCs [1–10,
24–28], including Lin�Sca-1�AA4� fetal liver cells [5],
CD34�/� KSL BM cells [10, 24–26], and Thy-1.1loKLS cells
[9]. In particular, Jacobsen et al. have extensively studied the
expression and functional significance of flt3 receptor on mu-

Figure 4. Secondary repopulating capacities of Lin�CD34�flt3�/� or
Lin�CD34�flt3� cells. Cells transplanted to primary recipients (PRs)
by intra-BM injection (IBMI) numbered 3 � 103 to 5 � 103

CD34�flt3�cells, 4 � 103 to 5 � 103 CD34�flt3� cells, or 2 � 104 to
3 � 104 CD34�flt3� cells. Human cell repopulations of BMs in PRs
(open circles) analyzed 8–12 weeks after transplantation were compa-
rable and 4%–8%. Whole BM cells obtained from PRs were trans-
planted to secondary recipients (SRs) by IBMI. Human cell repopulation
in SRs (closed circles) was analyzed 8–10 weeks after secondary
transplantation. Horizontal bars represent each median of the repopula-
tion rates in PRs and SRs, respectively. Abbreviation: BM, bone mar-
row.

Figure 5. Expression pattern of CD34 and flt3 on sorted
Lin�CD34�flt3� cells after the 7-day coculture with HESS-5 cells. (A):
Flow cytometry pattern of immunomagnetically separated cord blood-
derived Lin� cells stained with anti-flt3 (PE) and anti-CD34 (PC5)
monoclonal antibodies. Lin�CD34�flt3� cells were sorted for the co-
culture with HESS-5 cells. The sorting gate is indicated by the solid
square. (B): Postsorting analysis of the sorted Lin�CD34�flt3� cells.
(C): The expression pattern of flt3 on CD34� cells derived from the
7-day cocultures of sorted Lin�CD34�flt3� cells with the murine
stromal cell line, HESS-5, in the presence of a cocktail of cytokines. The
sorting gates for culture-generated CD34�flt3�/� cells are indicated by
two solid squares. Abbreviation: PE, phycoerythrin.

Table 2. Severe combined immunodeficiency (SCID) repopulating
cell activity of culture-generated CD34�flt3�/� cells

Sorted cell fraction
No. of cells

transplanted Engraftment

Human CD45�/
cells (%)

Range Median

CD34�fit3� cells 1 � 104 to 2 � 104 7/10 1.2–8.8 4.5
CD34�flt3� cells 2 � 104 to 4 � 104 5/10 1.4–7.8 3.7

Designated numbers of culture-generated CD34�fit3� and
CD34�flt3� cells obtained by cell sorting were transplanted to
nonobese diabetic/SCID mice by intra-bone marrow (BM)
injection. After 8 weeks, repopulation of human CD45� cells in
murine BMs was analyzed.
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rine LTR-HSCs [7, 8, 10, 24–26]. Adolfsson et al. [24] first
reported that the upregulation of flt3 on BM-derived KSL cells
is accompanied by loss of self-renewal capacity. In other words,
flt3� KSL cells rapidly and efficiently reconstituted B and T
lymphopoiesis, and only flt3� KSL cells supported sustained
multilineage reconstitution [24–26]. On the basis of these data,
they proposed that flt3� KSL cells are progenitors for the
common lymphoid progenitor (CLP) [24–26]. Earlier, Kondo et
al. [46] identified other CLPs that have the Lin�Thy-1�Sca-
1lowc-kitlowIL-7R�� immunophenotype. In Adolfsson’s study
[25], it was shown that the flt3� KSL cells produced this
IL-7R�� CLP in vitro as well as in vivo. These results sug-
gested that the flt3� KSL population is distinct and most likely
an intermediate between flt3� KSL (LTR-HSC) and this IL-
7R�� CLP. Interestingly, flt3� KSL cells were found to be
almost exclusively CD34�, whereas flt3� KSL cells contained
a small but significant (5%) fraction of CD34� cells [24]. This
notion was further supported by the recent study reported by
Sitnicka et al. [26]. In this study, FL-deficient mice had severely
(10-fold) reduced levels of CLP, although the numbers of
common myeloid progenitors (CMPs) and CD34� KSL were
unaffected [26]. Very recently, Adolfsson et al. [25] have
clearly demonstrated that the herein-mentioned flt3� KSL
cells sustain granulocyte, monocyte, and B- and T-cell po-
tential, but fail to produce significant erythroid and
megakaryocytic progeny. On the basis of these observations,
they proposed an alternative road map for adult mouse blood
lineage commitment [25].

In contrast to murine LTR-HSC, the expression and func-
tional significance of flt3 and c-kit on human LTR-HSC has yet
to be fully elucidated. Earlier studies have shown that most, if
not all, long-term culture-initiating cell (LTC-IC) are c-kit� [47,
48]. However, we observed that extended LTC-IC (ELTC-IC;
assayed after 7–9 weeks of coculture with allogeneic BM stro-
mal layer) are apparently enriched in a CB-derived CD34�c-
kitlow/� cell population [21]. Of note was that ELTC-ICs as-
sayed after 9 weeks of coculture were detected only in the
CD34�c-kit� cell population [21]. Our data are consistent with
several other in vitro studies [49–51]. Sogo et al. [49] have
clearly demonstrated that CB-derived CD34�c-kit�low cells ma-
ture into CD34�c-kitlow and CD34�c-kit� cells in vitro, sug-
gesting that the upregulation of c-kit protein on c-kit�low cells is
the first maturational step of human HSCs [49]. Enrichment of
human BM-derived primitive HSCs in the CD34�c-kitlow frac-
tion was also confirmed using long-term engraftment studies in
preimmune fetal sheep [51]. The findings showed that BM-
derived CD34�c-kitlow cells transplanted to fetal sheep sustained
long-term donor-derived hematopoiesis (up to 16 months) [52].
There is, however, no direct evidence yet for a distinct population
of c-kit� or c-kit�low human primitive HSCs with long-term re-
populating potential. Such a stem cell population is likely to be
present at very low frequency in human BM- or CB-derived he-
matopoietic cells. Recently, we identified very primitive CD34�

SRCs in human CB detected only by the IBMI method [29, 30]. As
shown in Figure 1D, the CB-derived Lin�CD34� cell population
did not express detectable levels of c-kit protein by flow cytometry.
Therefore, our identified CD34� SRCs may correspond to such
c-kit� or c-kit�low LTR-HSCs [29, 30].

In contrast to c-kit, the information regarding flt3 expres-
sion on human LTR-HSCs is much more limited. Recently,
Sitnicka et al. [31], using the conventional intravenous in-
jection method, clearly demonstrated that human BM- or
CB-derived CD34� HSC capable of multilineage engrafting
NOD/SCID mice do express flt3 receptors. Moreover, they
also showed that CB-derived CD34�flt3� cells could repop-
ulate recipient mouse BMs. On the basis of these data, they
proposed that most BM- and CB-derived CD34� SRCs ex-

press flt3, and that the expression pattern of flt3 and c-kit
receptors on primitive mouse and human HSCs is different
and contrasting. However, they did not investigate the sec-
ondary repopulating capacity of CD34�flt3�/� cells as well
as the repopulation capacity of the CD34� counterpart.

In this study, we have investigated the SRC activity of
CB-derived Lin�CD34�flt3�/� cells as well as
Lin�CD34�flt3�/� cells using the IBMI method. First, we
confirmed that CB-derived Lin�CD34�flt3�/� cells showed
distinct SRC activity by IBMI (Fig. 3; Table 1). Interestingly,
we demonstrated for the first time that Lin�CD34�flt3� cells
showed significant and potent SRC activity by IBMI. Moreover,
our secondary transplantation study clearly indicated that the
secondary repopulating capacity is most potently observed in
CD34�flt3� cells in comparison with CD34�flt3�/� cells (Fig.
4). Finally, we observed that these Lin�CD34�flt3� cells could
produce CD34�flt3�/� SRCs after being cocultured with
HESS-5 cells in the presence of a cocktail of cytokines (Fig. 5).
These results suggest that CD34�flt3� SRCs are the precursor
for CD34�flt3�/� SRCs. On the basis of the results of our
present study, we propose that the immunophenotype of very
primitive human LTR-HSCs is Lin�CD34�c-kit�flt3�. Primi-
tive human LTR-HSCs may express lower levels of c-kit and
flt3 receptors on their surfaces when they commit to more
mature short-term repopulating HSCs (STR-HSCs). It is still
unclear whether such a distinct pattern of c-kit and flt3 expres-
sion might identify distinct subpopulations of LTR-HSC or
STR-HSC within the human HSC hierarchy.

From another point of view, we and many other investiga-
tors have planned to expand candidate human HSCs ex vivo
using several cytokines, including SCF, FL, TPO, and IL-6/
soluble IL-6 receptor (or fusion protein) [53–56]. However, the
present study and other reported studies [24–26, 41–43,49–52]
have demonstrated/suggested that very primitive LTR-HSCs do
not express their receptors, such as c-kit and flt3. Furthermore,
Lin�CD34�c-kit�flt3� cells are still heterogeneous, and puta-
tive human LTR-HSC may express other potentially important
stem cell molecules. Therefore, for clinical application in the
near future, further studies will be required to elucidate the
proposed model of the human HSC hierarchy as well as to
identify hitherto unidentified molecules that are important (in-
dispensable) for stem cell expansion.

In conclusion, the present study provides evidence that
human CB-derived CD34� SRCs do not express flt3 tyrosine
kinase receptors, like murine candidate HSCs CD34� KSL
cells. According to our data, the immunophenotype of human
LTR-HSC is Lin�CD34�c-kit�flt3�. Therefore, further studies
will be required to identify positive markers, such as Sca-1 for
murine CD34� KSL cells, for these primitive human LTR-
HSCs in the near future.

ACKNOWLEDGMENTS

We thank Dr. Takeshi Todo of Department of Mutagenesis,
Radiation Biology Center, Kyoto University, for his advice on
the irradiation of NOD/SCID mice; Kirin Brewery Co. Ltd.
(Tokyo) and Ajinomoto Co. Inc. (Yokohama, Japan) for pro-
viding the various growth factors used in this study; and Yuko
Masai for assistance in preparation of the manuscript. This work
was supported by Grants-in-Aid for Scientific Research on
Priority Areas (Grant number 15039227) and for Scientific
Research C (Grant number 15591015) from the Ministry of
Education, Science and Culture of Japan, a grant from Haiteku
Research Center of the Ministry of Education, a grant from the
Science Frontier Program of the Ministry of Education, a grant

1353Kimura, Asada, Wang et al.

www.StemCells.com

 at K
PT

 Infotrader, Inc. on Septem
ber 11, 2008 

w
w

w
.Stem

C
ells.com

D
ow

nloaded from
 



from the 21st Century Center of Excellence (COE) program of
the Ministry of Education, a grant from the Promotion and
Mutual Aid Corporation for Private Schools of Japan, a grant
from Kansai Medical University (Research Grant B), a grant
from the Japan Leukemia Research Foundation, and a grant
from the Mitsubishi Pharma Research Foundation.

DISCLOSURE OF POTENTIAL CONFLICTS

OF INTEREST

The authors indicate no potential conflicts of interest.

REFERENCES

1 Lyman SD, Jacobsen SEW. c-kit ligand and flt3 ligand: Stem/progenitor
cell factors with overlapping yet distinct activities. Blood 1998;91:
1101–1134.

2 Matthews W, Jordan CT, Wiegand GW et al. A receptor tyrosine kinase
specific to hematopoietic stem and progenitor cell-enriched populations.
Cell 1991;65:1143–1152.

3 Lyman SD, James L, Bos TV et al. Molecular cloning of a ligand for the
flt3/flk2 tyrosine kinase receptor: A proliferative factor for primitive
hematopoietic cells. Cell 1993;75:1157–1167.

4 Hannum C, Culpepper J, Cambell D et al. Ligand for flt3/flk2 receptor
tyrosine kinase regulates growth of haematopoietic stem cells and is
encoded by variant RNAs. Nature 1994;368:643–648.

5 Zeigler FC, Bennett B, Jordan CT et al. Cellular and molecular charac-
terization of the role of the flk-2/flt-3 receptor tyrosine kinase in hema-
topoietic stem cells. Blood 1994;84:2422–2430.

6 Hirayama F, Lyman SD, Clark SC et al. The flt3 ligand supports
proliferation of lymphohematopoietic progenitors and early B-lymphoid
progenitors. Blood 1995;85:1762–1768.

7 Jacobsen SEW, Okkenhaug C, Myklebust J et al. The flt3 ligand potently
and directly stimulates the growth and expansion of primitive murine
bone marrow progenitor cells in vitro: Synergistic interactions with
interleukin (IL) 11, IL-12, and other hematopoietic growth factor. J Exp
Med 1995;181:1357–1363.

8 Veiby OP, Jacobsen FW, Cui L et al. The flt3 ligand promotes the
survival of primitive hematopoietic progenitor cells with myeloid as well
as B lymphoid potential. J Immunol 1996;157:2953–2960.

9 Christensen JL, Weissman IL. Flk-2 is a marker in hematopoietic stem
cell differentiation: A simple method to isolate long-term stem cells. Proc
Natl Acad Sci U S A 2001;98:14541–14546.

10 Yang L, Bryder D, Adolfsson J et al. Identification of Lin-
Sca1�kit�CD34�Flt3� short-term hematopoietic stem cells capable of
rapidly reconstituting and rescuing myeloablated transplant recipients.
Blood 2005;105:2717–2723.

11 Lyman SD, James L, Johnson L et al. Cloning of the human homologue
of the murine flt3 ligand: A growth factor for early hematopoietic
progenitor cells. Blood 1994;83:2795–2801.

12 Muench MO, Roncarolo MG, Menon S et al. Flk-2/flt-3 ligand regulates
the growth of early myeloid progenitors isolated from human fetal liver.
Blood 1995;85:963–972.

13 Shah AJ, Smogorzewska EM, Hannum C et al. Flt3 ligand induces
proliferation of quiescent human bone marrow CD34�CD38� cells and
maintains progenitor cells in vitro. Blood 1996;87:3563–3570.

14 Rusten LS, Lyman SD, Veiby OP et al. The flt3 ligand is a direct and
potent stimulator of the growth of primitive and committed human
CD34� bone marrow progenitor cells in vitro. Blood 1996;87:
1317–1325.

15 Rappold I, Ziegler BL, Kohler I et al. Functional and phenotypic char-
acterization of cord blood and bone marrow subsets expressing flt3
(CD135) receptor tyrosine kinase. Blood 1997;90:111–125.

16 Gotze KS, Ramirez M, Tabor K et al. Flt3high and flt3low CD34�

progenitor cells isolated from human bone marrow are functionally
distinct. Blood 1998;91:1947–1958.

17 Xiao M, Oppenlander BK, Plunkett JM et al. Expression of flt3 and c-kit
during growth and maturation of human CD34�CD38� cells. Exp He-
matol 1999;27:916–927.

18 Sonoda Y, Sakabe H, Ohmizono Y et al. Synergistic actions of stem cell
factor and other burst-promoting activities on proliferation of CD34�

highly purified blood progenitors expressing HLA-DR or different levels
of c-kit protein. Blood 1994;84:4099–4106.

19 Sonoda Y, Kimura T, Sakabe H et al. Human flt3 ligand acts on myeloid
as well as multipotential progenitors derived from purified CD34� blood
progenitors expressing different levels of c-kit protein. Eur J Haematol
1997;58:257–264.

20 Sakabe H, Kimura T, Zeng ZZ et al. Haematopoietic action of flt3 ligand
on cord blood-derived CD34-positive cells expressing different levels of
flt3 or c-kit tyrosine kinase receptor: Comparison with stem cell factor.
Eur J Haematol 1998;60:297–306.

21 Sakabe H, Yahata N, Kimura T et al. Human cord blood-derived prim-
itive progenitors are enriched in CD34�c-kit� cells: Correlation between

long-term culture-initiating cells and telomerase expression. Leukemia
1998;12:728–734.

22 Krause DS, Fackler MJ, Civin CI et al. CD34: Structure, biology, and
clinical utility. Blood 1996;87:1–13.

23 Osawa M, Hanada K, Hamada H et al. Long-term lymphohematopoietic
reconstitution by a single CD34-low/negative hematopoietic cell. Sci-
ence 1996;273:242–245.

24 Adolfsson J, Borge OJ, Bryder D et al. Upregulation of flt3 expression
within the bone marrow Lin�Sca1�c-kit� stem cell compartment is accom-
panied by loss of self-renewal capacity. Immunity 2001;15:659–669.

25 Adolfsson J, Mansson R, Buza-Vidas N et al. Identification of flt3�

lympho-myeloid stem cells lacking erythro-megakaryocytic potential: A
revised road map for adult blood lineage commitment. Cell 2005;121:
295–306.

26 Sitnicka E, Bryder D, Theilgaard-Monch K et al. Key role of flt3 ligand
in regulation of the common lymphoid progenitor but not in maintenance
of the hematopoietic stem cell pool. Immunity 2002;17:463–472.

27 Mackarehtschian K, Hardin JD, Moore KA et al. Targeted disruption of
the flk2/flt3 gene leads to deficiencies in primitive hematopoietic pro-
genitors. Immunity 1995;3:147–161.

28 McKenna HJ, Socking KL, Miller RE et al. Mice lacking flt3 ligand have
deficient hematopoiesis affecting hematopoietic progenitor cells, den-
dritic cells, and natural killer cells. Blood 2000;95:3489–3497.

29 Wang J, Kimura T, Asada R et al. SCID-repopulating cell activity of
human cord blood-derived CD34� cells assured by intra-bone marrow
injection. Blood 2003;101:2924–2931.

30 Kimura T, Wang J, Matsui K et al. Proliferative and migratory potentials
of human cord blood-derived CD34� severe combined immunodefi-
ciency repopulating cells that retain secondary reconstituting capacity.
Int J Hematol 2004;79:328–333.

31 Sitnicka E, Buza-Vidas N, Larsson S et al. Human CD34� hematopoietic
stem cells capable of multilineage engrafting NOD/SCID mice express
flt3: Distinct flt3 and c-kit expression and response patterns on mouse
and candidate human hematopoietic stem cell. Blood 2003;102:881–886.

32 Ebihara Y, Wada M, Ueda T et al. Reconstitution of human haemato-
poiesis in non-obese diabetic/severe combined immunodeficient mice by
clonal cells expanded from single CD34�CD38� cells expressing flk2/
flt3. Br J Haematol 2002;119:525–534.

33 Kimura T, Sakabe H, Tanimukai S et al. Simultaneous activation of
signals through gp130, c-kit, and interleukin-3 receptor promotes a
trilineage blood cell production in the absence of terminally acting
lineage-specific factors. Blood 1997;90:4767–4778.

34 Kimura T, Wang J, Minamiguchi H et al. Signal through gp130 activated
by soluble interleukin (IL)-6 receptor(R) and IL-6 or IL-6R/IL-6 fusion
protein enhances ex vivo expansion of human peripheral blood-derived
hematopoietic progenitors. STEM CELLS 2000;18:444–452.

35 Kushida T, Inaba M, Hisha H et al. Intra-bone marrow injection of
allogeneic bone marrow cells: A powerful new strategy for treatment of
intractable autoimmune diseases in MRL/lpr mice. Blood 2001;97:
3292–3299.

36 Larochelle A, Vormoor J, Hanenberg H et al. Identification of primitive
human hematopoietic cells capable of repopulating NOD/SCID mouse bone
marrow: Implications for gene therapy. Nat Med 1996;2:1329–1337.

37 Bhatia M, Bonnet D, Murdoch B et al. A newly discovered class of
human hematopoietic cells with SCID-repopulating activity. Nat Med
1998;4:1038–1045.

38 Ogata K, Satoh C, Tachibana M et al. Identification and hematopoietic
potential of CD45� clonal cells with very immature phenotype
(CD45�CD34�CD38�Lin�) in patients with myelodysplastic syn-
dromes. STEM CELLS 2005;23:619–630.

39 Tsuji T, Ogasawara H, Aoki Y et al. Characterization of murine stromal
cell clones established from bone marrow and spleen. Leukemia 1996;
10:803–812.

40 Osawa M, Nakamura K, Nishi N et al. In vivo self-renewal of c-kit�Sca-
1�Linlow/� hemopoietic stem cells. J Immunol 1996;156:3207–3214.

41 Ogawa M, Matsuzaki Y, Nishikawa S et al. Expression and function of
c-kit in hemopoietic progenitor cells. J Exp Med 1991;174:63–71.

42 Orlic D, Fischer R, Nishikawa S et al. Purification and characterization
of heterogeneous pluripotent hematopoietic stem cell populations ex-
pressing high levels of c-kit receptor. Blood 1993;82:762–770.

43 Doi H, Inaba M, Yamamoto Y et al. Pluripotent hemopoietic stem cells
are c-kit�low. Proc Natl Acad Sci U S A 1997;94:2513–2517.

44 Ortiz M, Wine JW, Lohrey N et al. Functional characterization of a novel

1354 SRC Activity of CD34�Flt3� Cells by IBMI

 at K
PT

 Infotrader, Inc. on Septem
ber 11, 2008 

w
w

w
.Stem

C
ells.com

D
ow

nloaded from
 



hematopoietic stem cell and its place in the c-kit maturation pathway in
bone marrow cell development. Immunity 1999;10:173–182.

45 Randall TD, Weissman IL. Characterization of a population of cells in the
bone marrow that phenotypically mimics hematopoietic stem cells: Resting
stem cells or mystery population? STEM CELLS 1998;16:38–48.

46 Kondo M, Weissman IL, Akashi K. Ientification of clonogenic common
lymphoid progenitors in mouse bone marrow. Cell 1997;91:661–672.

47 Simmons PJ, Aylett GW, Niutta S et al. C-kit is expressed by primitive
human hematopoietic cells that give rise to colony-forming cells on
stroma-dependent or cytokine-supplemented culture. Exp Hematol 1994;
22:157–165.

48 Briddell RA, Broudy VC, Bruno E et al. Further phenotypic character-
ization and isolation of human hematopoietic progenitor cells using a
monoclonal antibody to the c-kit receptor. Blood 1992;79:3159–3167.

49 Sogo S, Inaba M, Ogata H et al. Induction of c-kit molecules on human
CD34�/c-kit�low cells: Evidence for CD34�/c-kit�low cells as primitive
hematopoietic stem cells. STEM CELLS 1997;15:420–429.

50 Gunji Y, Nakamura M, Osawa H et al. Human primitive hematopoietic
progenitor cells are more enriched in KITlow cells than in KIThigh cells.
Blood 1993;82:3283–3289.

51 Laver JH, Abboud MR, Kawashima I et al. Characterization of c-kit
expression by primitive hematopoietic progenitors in umbilical cord
blood. Exp Hematol 1995;23:1515–1519.

52 Kawashima I, Zanjani ED, Almaida-Porada G et al. CD34� human
marrow cells that express low levels of kit protein are enriched for
long-term marrow-engrafting cells. Blood 1996;87:4136–4142.

53 Ohmizono Y, Sakabe H, Kimura T et al. Thrombopoietin augments ex
vivo expansion of human cord blood-derived hematopoietic progenitors
in combination with stem cell factor and flt3 ligand. Leukemia 1997;11:
524–530.

54 Bhatia M, Bonnet D, Kapp U et al. Quantitative analysis reveals expan-
sion of human hematopoietic repopulating cells after short-term ex vivo
culture. J Exp Med 1997;186:619–624.

55 Conneally E, Cashman J, Petzer A et al. Expansion in vitro of trans-
plantable human cord blood stem cells demonstrated using a quantitative
assay of their lympho-myeloid repopulating activity in nonobese diabet-
ic-scid/scid mice. Proc Natl Acad Sci U S A 1997;94:9836–9841.

56 Ueda T, Tsuji K, Yoshino H et al. Expansion of human NOD/SCID-
repopulating cells by stem cell factor, flk2/flt3 ligand, thrombopoietin,
IL-6, and soluble IL-6 receptor. J Clin Invest 2000;105:1013–1021.

1355Kimura, Asada, Wang et al.

www.StemCells.com

 at K
PT

 Infotrader, Inc. on Septem
ber 11, 2008 

w
w

w
.Stem

C
ells.com

D
ow

nloaded from
 



DOI: 10.1634/stemcells.2006-0727
 2007;25;1348-1355; originally published online Feb 15, 2007; Stem Cells

Tsuji, Yutaka Sasaki, Susumu Ikehara and Yoshiaki Sonoda 
Kazuo Matsui, Katsuya Kobayashi, Kae Henmi, Shiro Imai, Masakazu Kita, Takashi 
Takafumi Kimura, Rumiko Asada, Jianfeng Wang, Takashi Kimura, Miho Morioka,

Cells by Intra-Bone Marrow Injection
 Severe Combined Immunodeficiency-Repopulating–flt3–Blood-Derived CD34

Identification of Long-Term Repopulating Potential of Human Cord

This information is current as of September 11, 2008 

& Services
Updated Information

http://www.StemCells.com/cgi/content/full/25/6/1348
including high-resolution figures, can be found at: 

 at K
PT

 Infotrader, Inc. on Septem
ber 11, 2008 

w
w

w
.Stem

C
ells.com

D
ow

nloaded from
 



Abstract. Current in vitro culture systems allow the generation
of human dendritic progenitor cells (CFU-DCs). The aim
of this study was to assess the effect of Flt3 ligand (FL) on
the proliferation of human peripheral blood-derived myeloid
CFU-DCs and their differentiation into more committed
precursor cells (pDCs) using in vitro culture systems.
Immunomagnetically separated CD34+ cells were cultured in
serum-free, as well as in serum-containing, liquid suspension
cultures to investigate the expansion and/or proliferation/
differentiation of CFU-DCs, pDCs, and more mature dendritic
cells (DCs). FACS-sorted CD34+Flt3+/- cells were cultured
in methylcellulose to assay hematopoietic progenitors,
including CFU-DCs. In the clonal cell culture supplemented
with granulocyte/macrophage (GM) colony-stimulating factor
(CSF), interleukin-4, and tumor necrosis factor α, the frequency
of CFU-DCs was significantly higher in the CD34+Flt3+

fraction than in the CD34+Flt3- population, thus suggesting
functional Flt3 expression on CFU-DCs. Serum-free suspension
culture of CD34+ cells revealed the potent effect of FL on
the expansion of CFU-DCs in synergy with GM-CSF and
thrombopoietin (TPO). In addition, FL strongly induced the
maturation of CFU-DCs into functional CD1a+ pDCs in
serum-containing liquid suspension culture. Moreover, these
FL-generated pDCs showed remarkable potential to differ-
entiate into mature DCs with surface CD83/CD86 expression,
which induced a distinct allogeneic T-cell response. These

results clearly demonstrate that FL supports not only the
proliferation of early hematopoietic progenitor cells, but also
the maturation process of committed precursor cells along
with the DC-lineage differentiation. Therefore, it is possible
to develop a more efficient DC-based cancer immunotherapy
using this specific cytokine combination, GM-CSF+TPO+FL
in vitro in the near future.

Introduction

Hematopoietic stem cells (HSCs) are known to have a robust
capacity of multilineage differentiation, which is mainly
regulated by the extrinsic environment, including cytokines
or adhesion molecules expressed on neighboring cells (1,2).
However, targeted deletion or overexpression of lineage-
specific transcription factors leads to recovery of the differ-
entiation potential into alternative lineages. For instance,
pre-B cells in Pax-5-null mice can differentiate into mature T
lymphoid and myeloid cells despite their defective potential
for B lymphoid maturation (3). In addition, with the enforced
expression of a myeloid-restricted cytokine receptor (R),
granulocyte/macrophage colony-stimulating factor-R (GM-
CSF-R) on hematopoietic progenitors (HPCs) results in a
biased generation of myeloid cells (4). Lineage restriction
in HSC/HPC differentiation may thus be controlled not
only stochastically by intrinsic factors, but also instructively
by expression levels of transcription factors or cytokine
receptors. 

Dendritic cells (DCs) are known as one of the most
important players in the regulation of innate and adaptive
immunity (5-8). They are recruited from the HSC pool like
cells in other hematopoietic lineages (9-13). In mice, several
DC compartments have been identified according to their
immunophenotypes. It has also been reported that DCs are
produced only from HPCs which express Flt3 on their surfaces
(14,15). 

While Flt3 is a receptor tyrosine kinase showing some
structural homology to c-kit and c-fms (16), Flt3 ligand (FL)
has the most potent activity for DC differentiation in mouse
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bone marrow cells in vitro when used as a single cytokine
(17,18). In human hematopoiesis, FL acts on the proliferation
and differentiation of myeloid as well as erythroid stem/
progenitor cells in vitro in synergy with other early-acting
cytokines, such as stem cell factor (SCF, c-kit ligand) and
thrombopoietin (TPO) (19-23). A combination of these three
factors is also well known to support the in vitro expansion
of DC progenitors (24,25), although the mechanisms of the
factor-specific functions, as well as their synergistic actions,
still remain unclear. We herein show the precise role of FL
on the proliferation and differentiation of human CD34+

HPCs into functional DC precursors (pDCs) using in vitro
culture systems. Our results indicate that FL is more reliable
than SCF in instructing human DC progenitors expressing
Flt3 to generate functional progenies. 

Materials and methods

Recombinant factors. Purified bacterially-derived recombinant
human (rh) granulocyte (G) colony-stimulating factor (CSF),
and thrombopoietin (TPO), as well as purified Chinese hamster
ovary cell-derived rh erythropoietin (Epo), were kindly supplied
by Kirin Brewery Co., Ltd. (Tokyo, Japan). Purified rh IL-4
was a generous gift from Ono Pharmaceutical Co., Ltd. (Osaka,
Japan). Yeast-derived rh Flt3 ligand (FL) was provided by
Immunex Research and Development Corp. (Seattle, WA,
USA). Purified rh interleukin (IL)-3, granulocyte/macrophage
(GM)-CSF, stem cell factor (SCF), and tumor necrosis factor α
(TNFα) were all purchased from R&D systems (Minneapolis,
MN, USA).

Cell preparation. After informed consent was obtained,
peripheral blood mononuclear cells (PBMNCs) were collected
from patients with non-Hodgkin's lymphoma in first complete
remission by leukapheresis using Fenwall CS-3000 Plus
(Fenwall Laboratories, Inc., Deerfild, IL, USA), and were
stored in liquid nitrogen until use in the present study, according
to a method previously reported (26-28). After rapid thawing,
cells were incubated on plastic dishes containing α MEM
(Invitrogen Corp., Carlsbad, CA, USA) supplemented with
10% fetal calf serum (FCS, Hyclone Laboratories, Logan,
UT, USA) overnight at 37˚C in a fully humidified atmo-
sphere flushed with 5% CO2. The mononuclear non-adherent
cell (MNNAC) fraction was then recovered for subsequent
immunomagnetic isolation or flow cytometric cell sorting.

Immunomagnetic isolation and flow cytometric cell sorting. The
above-mentioned MNNACs were further enriched for CD34+

cells using a MACS immunomagnetic microbeads system
(Miltenyi Biotec, Bergisch Gladbach, Germany) or for lineage-
depleted (Lin-) cells using a StemSep device (Stem Cell
Technologies, Vancouver, BC, Canada), according to the
manufacturer's instructions, and as described previously (29,30).
The purity of CD34+ cells in these isolated cell fractions
was confirmed by flow cytometry to be constantly more than
95%. The isolated cells were subsequently processed for
liquid suspension culture or cell sorting as described below.

For flow cytometric cell sorting, Lin- cells were incubated
for 30 min at room temperature with purified anti-human Flt3
mAb (clone M22, kindly provided by Immunex Corp.), which

had been biotinylated as described previously (23,26,28),
and followed by staining with fluorescein isothiocyanate
(FITC)-conjugated HPCA-2 [CD34 mAb, Becton Dickinson
Immunocytometry Systems (BD), San Jose, CA, USA] and
streptoavidin (SA)-phycoerythrin (PE) (BD) for 30 min on ice.
Negative controls included unstained cells and cells stained
only with FITC-conjugated isotype IgG1 (BD) and SA-PE.
Cell sorting was performed using a FACSVantage (BD), as
previously reported (28-30). Sorting windows were established
for CD34+Flt3+ or CD34+Flt3- cells as shown in Fig. 1a and b.
Data acquisition was performed using CELLQuest software
(BD). The phenotypic purity of the sorted cells consistently
exceeded 98%. 

Clonal cell culture. CD34+Flt3+ or CD34+Flt3- cells were
cultured in 35-mm Lux suspension culture dishes (no. 171099,
Nunc Inc., Naperville, IL, USA), as reported previously
(26-30). Briefly, 1 ml of culture contained 200 sorted cells,
1.2% methylcellulose (Shinetsu Chemicals, Tokyo, Japan),
30% FCS, 1% bovine serum albumin (fraction V, Sigma
Chemical Co., St. Louis, MO, USA), 5x10-5 mol/l 2-mercap-
toethanol (Sigma), and 5 CSFs (20 ng/ml SCF, 10 ng/ml
IL-3, 10 ng/ml GM-CSF, 20 ng/ml G-CSF, and 2 U/ml Epo).
Dishes were incubated at 37˚C in a fully humidified atmosphere
flushed with a combination of 5% CO2, 5% O2, and 90% N2.
On days 12-14 of incubation, colonies were scored according
to their typical morphological features using an inverted
microscope, as reported (26-30). Colony types identified in situ
were granulocyte/macrophage (CFU-GM), erythroid (BFU-E),
and erythrocyte-containing mixed (CFU-Mix) colonies.

To examine dendritic colony (CFU-DC) formation, 500
sorted CD34+Flt3+ or - cells or cells recovered from serum-
containing liquid cultures described below were cultured in the
presence of 20 ng/ml GM-CSF, 100 U/ml IL-4, and 100 U/ml
TNFα. On days 12-14 of incubation, DC colonies were scored,
as described previously (31).

Liquid suspension culture. A total of 5x103 immunomagne-
tically isolated CD34+ or Lin- cells were cultured in 35-mm
Lux suspension dishes containing 1 ml of StemPro-34 medium
(Invitrogen) supplemented with the designated combination
of CSFs, which included 20 ng/ml GM-CSF, 100 ng/ml TPO,
20 ng/ml SCF, and 20 ng/ml FL. Dishes were incubated at
37˚C in a fully humidified chamber flushed with a combination
of 5% CO2, 5% O2, and 90% N2. On day 7, half of the culture
medium was exchanged with freshly prepared medium. After
14 days of incubation, the number of viable cells in each dish
was counted and replaced into clonal cell cultures. 

In addition, CD34+ or Lin- cells were incubated in RPMI
1640 (Invitrogen) supplemented with 10% FCS and the
designated factors. After 14 days of incubation, these cells
were transferred into DC maturation culture medium containing
10% FCS/RPMI supplemented with GM-CSF, IL-4, and
TNFα. On day 7, 14, and 21 of incubation, a portion of
cultured cells was processed for flow cytometry, as described
below. 

Flow cytometry. Immunomagnetically isolated cells or cells
harvested from suspension cultures were stained with FITC-
conjugated mAbs against human CD11c (eBioscience, San
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Diego, CA, USA), CD14 (BD), CD54 (Beckman Coulter,
Fullerton, CA, USA), CD80 and CD86 (both from Caltag
Laboratories, Burlingame, CA, USA), PE-conjugated anti-
human CD1a (Coulter), CD83 (Caltag), and HLA-DR (BD)
mAbs. Dead cells were gated out by simultaneous staining
with 7-AAD (Coulter). Data acquisition and analysis were
performed using CELLQuest software on a FACSCalibur
(BD).

Mixed lymphocyte reaction (MLR). The antigen-presenting
capacities of DCs were assessed by MLR, as previously
described (25), with some modifications. In brief, allogeneic
T-cells were isolated as responders using nylon fiber columns
(Wako, Osaka, Japan). A total of 1x105 cells were incubated
in 96-well microtiter plates (Nunc) with the designated numbers
of γ-irradiated (250 cGy) DCs generated from CD34+ cells
in the above-mentioned serial liquid suspension culture for
21 days. After 5 days of incubation, cultures were pulsed
with 1.0 µCi/well [3H]-thymidine for 8-12 h to measure the
T-cell proliferation, expressed as [3H]-thymidine incorporation
by scintillation counting.

Statistical analysis. The significance of differences was
determined by the paired t-test.

Results

Functional expression of Flt3 on human DC progenitors. We
first investigated the Flt3 receptor expression on PB-derived
CD34+ cells. As shown in Fig. 1a and b, 82.4±3.0% (n=6)

of CD34+ cells expressed Flt3 on their surfaces. We then
assessed the colony-forming capacity of sorted CD34+Flt3+

and CD34+Flt3- cells. Data obtained from the three independent
clonal cell culture experiments are presented in Fig. 1c and d.
Of note was that the number of myeloid DC colonies supported
by GM-CSF+IL-4+TNFα (G4TN) was strikingly higher in
the culture of CD34+Flt3+ cells compared to the CD34+Flt3-

cell fraction (P<0.01). In addition, CD34+Flt3+ cells generated
a significantly (P<0.01) higher number of CFU-GM-derived
colonies, while most colonies in cultures of CD34+Flt3- cells
were derived from BFU-E or CFU-Mix (P<0.01). These results
indicated the possibility that Flt3 is expressed as a functional
molecule on CFU-DC as well as CFU-GM. 

Ex vivo expansion of DC progenitors by FL. It has been well
documented that GM-CSF has the most potent effect on
the DC-lineage differentiation of hematopoietic progenitors
(HPCs) (11), while TPO, SCF, and FL have been shown to
synergistically support the efficient expansion of early hemato-
poietic stem/progenitor cells in vitro (21,24,25). A combination
of these early-acting CSFs also strongly enhances the pro-
liferation of CD1a+ precursor DCs (pDCs) (24,25). On the
other hand, c-kit and Flt3, which are activated with their
respective ligands, SCF and FL, have been shown to have
similar but specific tyrosine kinase activities (32). We therefore
aimed to evaluate and compare the effect of FL and SCF on
the proliferation of DC progenitors.

Representative data from three independent serum-free
suspension cultures of CD34+ cells are shown in Fig. 2.
Although the total cell number at day 14 significantly (P<0.05)
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Figure 1. Characterization of PB-derived Lin-CD34+Flt3+/- cells and their colony-forming capacity. The R1 gate was set on the lymphocyte window on the
FSC/SSC profile of immunomagnetically isolated Lin- cells (not shown). (a) Isotype control. (b) Cells in the R1 gate were further enriched by cell sorting as
CD34+Flt3+ (R2) and CD34+Flt3- (R3) cells, respectively. The sorted cells were incubated in methylcellulose culture. (c) A total of 500 sorted cells were
incubated with GM-CSF, IL-4 and TNFα. (d) Two hundred sorted cells were cultured in the presence of SCF, IL-3, GM-CSF, G-CSF and Epo. The number of
GM, erythroid, mixed, and DC colonies were directly counted in situ on days 12-14 of incubation. The data represent the mean ± SEM from three independent
experiments. Closed and open bars show the number of colonies generated from CD34+Flt3+ and CD34+Flt3- cells, respectively. 



increased in the cultures containing GM-CSF+TPO+SCF
(GTS) or GM-CSF+TPO+FL (GTF), in comparison to
GM-CSF+TPO (GT), no significant difference was observed
between GTS and GTF. The proliferation of DC progenitors
(CFU-DCs) was more strongly supported by GTF than by
GTS (P<0.05), while a combination of four cytokines (GTSF)
did not enhance CFU-DC proliferation more profoundly.
These results suggest that, in comparison to SCF, FL acts
more specifically and potently on the proliferation of
myeloid DC progenitors expressing its receptor Flt3, as well
as on other lineage-committed progenitors.

Differentiation of CD34+ cells to DC precursors (pDCs) by
FL. We assessed the serial effects of FL on the DC-lineage
differentiation of CD34+ HPCs. Purified CD34+ cells were
cultured in serum-containing media supplemented with GTS,
GTF or GTSF. After 14 days of culture with GTS, ~10% of
cells weakly expressed both CD11c and CD1a antigens
(Fig. 3b), which are specific for pDCs. Interestingly, >50%
of cells expressed these antigens after the same period of
culture with GTF, whose fluorescence intensities were
significantly higher than those with GTS (Fig. 3e). On the
other hand, a combination of GTSF did not increase these
DC-markers' expression as compared to GTF (Fig. 3h). Cells
harvested from cultures supplemented with GTS, GTF and
GTSF were further incubated with G4TN for another 7 days.
As shown in Fig. 3c, f and i, the expression levels of CD11c
and CD1a in these cells on day 21 were comparable despite
the initial cytokine combination. These results indicate that
FL can accelerate the differentiation of CD34+ HPCs to pDCs.

As with CD11c expression, a combination of GTF induced
the differentiation of CD34+ cells to CD14+CD1a+ pDCs more
rapidly than GTS or GTSF (Fig. 4b, e and h). As clearly seen
in Fig. 4-c, f and i, CD14+CD1a+ pDCs turned to CD14- fully
mature DCs after stimulation with G4TN for another 7 days. 

These findings provide evidence that FL acts on CD34+Flt3+

DC progenitor cells and accelerates their differentiation to
mature DCs in the presence of GM-CSF and TPO. The
combination of four factors (GTSF), however, did not show
any additive effects as compared to GTF.

Induction of functional DCs by FL. As shown in Figs. 3 and
4, the cytokine combination of G4TN induced DC-lineage
differentiation of cultured CD34+ cells to CD11c+CD14-CD1a+
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Figure 2. Effects of various cytokine combinations on ex vivo expansion of
DC progenitors. The data represent the fold increase of cultured cells at day 14
of incubation. Open and striped columns show the values from total cell
numbers and CFU-DCs, respectively. Horizontal bars represent the respective
medians. NS, not significant. *P<0.05.

Figure 3. Differentiation of CD34+ cells to CD11c+CD1a+ pDCs. The expression profile of CD11c and CD1a of cultured CD34+ cells was assessed by flow
cytometry (FCM) on days 7, 14 and 21 of incubation. The R1 gate was set on viable cells (negative for 7AAD). FCM data show the R1-gated events. (a-c)
FCM data of cells initially cutured with GTS. (d-f) FCM data of cells initially cultured with GTF. (g-i) FCM data of cells initially cultured with GTSF. The
percentages of cells in each quadrant are presented in the lower right corner.



pDCs, regardless of the initial cytokine combination used in
the first step serum-containing culture. As well-documented in
previous literature, neither CD11c, CD14 or CD1a, however,
directly show the immunological function of DCs or pDCs.
Therefore, it seems most important to clarify whether FL
could contribute to the effective generation of functional and
beneficial pDCs or not. 

We compared the expression profiles of active antigen-
presenting cell (APC) markers, CD83 and CD86, on culture-
generated DCs induced in the maturation cultures containing
G4TN after the initial cultures with the designated combinations
of cytokines, GTS, GTF, and GTSF. As shown in Fig. 5, the
percentage of CD83+CD86+ functional DCs, induced by G4TN
after the initial cultures with GTF (Fig. 5b), was significantly
higher than those induced after the other two initial combin-
ations (Fig. 5a and c). These results suggest that FL can
accelerate the differentiation of HPCs to pDCs, which are

potentially ready to become APCs expressing surface co-
stimulatory molecules. 

We also estimated the functional properties of culture-
generated DCs by assessing their stimulating activity against
proliferation of allogeneic T-lymphocytes. Representative data
from three independent experiments are shown in Fig. 6. As
clearly shown, DCs generated by GTF+G4TN more potently
induced allogeneic T-cell responses than those generated by
GTS+G4TN or GTSF+G4TN. These results again illustrate
that FL did advantageously induce the differentiation of HPCs
to pDCs, which are ready to fully function as APCs in T-cell-
mediated immune responses.

Discussion

DCs are known as the professional APCs (6-8). Namely, they
play an important role of capturing and processing antigen
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Figure 4. Differentiation of CD34+ cells to CD14+CD1a+ pDCs. The expression profile of CD14 and CD1a of cultured CD34+ cells was assessed on days 7, 14 and
21 of incubation. (a-c) FCM data of cells initially cutured with GTS. (d-f) FCM data of cells initially cultured with GTF. (g-i) FCM data of cells initially cultured
with GTSF. The percentages of cells in each quadrant are presented in the lower right or upper left corner.

Figure 5. Expression of CD83 and CD86 on pDCs. Day-14 cells, which originated from CD34+ cells cultured with GTS (a), GTF (b) and GTSF (c), were
further transferred to a terminal differentiation culture medium with G4TN and incubated for another 7 days. The R1 gate was set on viable cells. The data
represent the R2-gated events, which were defined as high FSC/SSC fraction (DC gate). The percentages of cells in each quadrant are presented in the lower
right corner.



and presenting it to naïve helper T-cells to initiate the immune
responses, including cytotoxic T lymphocyte (CTL) induction
(5-7). Based on these findings, many doctors try to develop
DC-based cancer immunotherapy (31).

Since G-CSF mobilizes monocytes as well as HPCs/HSCs
in PB (34), many investigators used leukapheresis products
to generate DCs for cancer immunotherapy (33,35). However,
recent studies have suggested that monocytes mobilized by
G-CSF have a T helper (Th)-2 type cytokine production profile
(36). In fact, G-CSF was reported to suppress the production of
IL-12 and TNFα (37,38). Furthermore, another study suggested
that G-CSF mobilizes DC2, not DC1, which stimulate T
cell response into Th-2 type (36,39). Collectively, apheresis
products obtained by G-CSF may not be useful as a cell source
for DC-based cancer immunotherapy, because Th-1 type
immune response is required for elimination of tumor cells.
In this context, we have investigated if apheresis products
mobilized by G-CSF could be used for cancer immunotherapy
considering their cytokine production profiles and the immune
responses elicited by DCs generated from monocytes obtained
after G-CSF mobilization (40). As a result, consistent with a
previous report (41), these generated DCs were phenotypically
and functionally equivalent to DCs generated from control
monocytes. In fact, we have demonstrated that peptide-pulsed
DCs generated in this manner could elicit optimal cytotoxic
T-cell responses in some patients in a clinical study for cancer
immunotherapy on patients bearing CEA-expressing solid
cancer (42). On the other hand, we also previously demon-
strated that a substantial number of CD34+ cells were mobilized
in the peripheral blood and thus proposed the potential use of
these G-CSF-mobilized CD34+ cells as a cell source for the
expansion of pDCs in vitro (40). In the present study, we
tried to address this possibility and also assessed their further
use in the more efficient production of mature DCs for future
cancer immunotherapy.

The ex vivo expansion and differentiation of myeloid DCs
from PB-derived CD34+ HPCs require a combination of
various cytokines, as previously reported (24,25,43). It is well
documented that there are three types of cytokine-generated
DCs, including two types of myeloid DCs, such as CD14+

blood monocyte-derived DCs and CD34+ HPC-derived DCs,
and CD11c-negative lymphoid DCs (44). Interestingly, CD34+

HPCs can give rise to any or all types of these DCs under the
influence of particular cytokines in vitro. Among them,
GM-CSF and IL-3 are the key cytokines to generate myeloid
and lymphoid DCs, respectively (44). TNFα, IL-4, transforming
growth factor ß, IL-10, and vascular endothelial growth factor
support or suppress the maturation/differentiation of these
DCs (44). On the other hand, it was reported that SCF and
FL, which are known to be early-acting cytokines (32), could
support pDC expansion (24,25). SCF stimulates DC formation
from human BM- and CB-derived CD34+ cells in combination
with GM-CSF and TNFα without affecting DC differentiation
(31,45). FL also increases the production of DCs from BM-
derived CD34+ cells in combination with GM-CSF+IL-4
+TNFα (46,47). This enhanced DC production is similar to
the observed effects of SCF. However, as with SCF, FL does
not affect the differentiation of DCs, but rather enhances the
proliferation (46,47). From another point of view, FL differs
somewhat from SCF when used singly in vivo; however, it
can increase both myeloid and lymphoid DCs (48). Preclinical
human trials indicate a similar increase in circulating DCs,
however, the precise mechanisms of action of these two
cytokines remains unclear. In addition, FL has been reported
to induce DC differentiation in vivo (46). However, precisely
how the FL acts on CD34+ HPCs and/or pDCs thus inducing
them to generate mature DCs remains to be elucidated. It was
therefore considered to be necessary to truly understand the
basic mechanisms of actions of FL on these DC precursor
cells, in order to clarify the role of FL in vivo and to develop
more effective anti-cancer immunotherapy in the near future. 

In this context, we herein focused on the precise effects of
FL on the process of DC maturation of human PB-derived
CD34+ HPCs. Our data clearly demonstrated that FL has
more potent and specific actions on human DC development,
compared to SCF, another early-acting cytokine. Of note was
that FL, in combination with GM-CSF plus TPO, induced a
dramatic effect on the ex vivo expansion of CFU-DCs (Fig. 2).
The addition of SCF did not show any additive effects.
Moreover, this GTF combination accelerated the maturation
of CD34+ HPCs to CD14+CD11c+CD1a+ pDCs, as shown in
Figs. 3 and 4. Because the expression of CD14 on CD34+

cells was first seen on day 7 in cultures containing GTF (but
not GTS), a substantial proportion of DCs developing from
CD34+ HPCs do so via CD14+ bipotential intermediates (41,45)
(Figs. 3 and 4). These pDCs could then mature into CD14-

CD11c+CD1a+ DCs in the presence of GM-CSF, IL-4, and
TNFα. These mature DCs express co-stimulatory molecules,
such as CD83 and CD86 (Fig. 5). Importantly, these GTF-
generated mature DCs induce the most potent allogeneic
T-cell responses in MLR in comparison to those of GTS
and GTSF (Fig. 6). Both FL and SCF can expand pDCs as
previously reported (24,25). However, our results indicate for
the first time that in comparison to SCF, FL acts differently on
CD34+ HPCs, where it induced the proliferation/differentiation

HARADA et al:  ROLE OF Flt3 LIGAND ON MYELOID DC DIFFERENTIATION1466

Figure 6. Proliferative response of allogeneic T-lymphocytes stimulated by
culture-generated DCs. Day-21 cells, which were incubated with G4TN from
day 14, were irradiated at 250 cGy. Various numbers of these cells (stimulator-
to-responder ratios are 1:20, 1:40, and 1:160) were incubated with HLA-
mismatched responder T-cells at 1x105/well. The cells were harvested on day 5
after 8-12 h of exposure to [3H]-thymidine. Open, gray and shaded columns
respectively show data of DCs generated in initial 14-day cultures with GTS,
GTF and GTSF. Horizontal bars represent the respective median values.



of G-CSF-mobilized PB-derived CD34+ cells to pDCs in the
presence of GM-CSF and TPO. 

In conclusion, our present study clearly demonstrated that
a combination of GTF could efficiently expand CFU-DCs
and generate functional mature DCs in vitro. Therefore, it
is possible to develop a more efficient DC-based cancer
immunotherapy using this specific cytokine combination,
GM-CSF+TPO+FL in vitro in the near future. 
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Abstract

High trafficking capability of lymphocytes is crucial in immune surveillance and
antigen responses. Central to this regulatory process is a dynamic control of
lymphocyte adhesion behavior regulated by chemokines and adhesion receptors
such as integrins. Modulation of lymphocyte adhesive responses occurs in a wide
range of timewindow from less than a second tohours, enabling rolling lymphocyte
to attach to andmigrate through endothelium and interactwith antigen‐presenting
cells. While there has been a rapid progress in the understanding of integrin
structure, elucidation of signaling events to relay extracellular signaling to integrins
in physiological contexts has recently emerged from studies using gene‐targeting
and gene‐silencing technique. Regulatory molecules critical for integrin activity
control distribution of integrins, polarized cellmorphology andmotility, suggesting
a signaling network that coordinates integrin function with lymphocyte migration.
Here, I review recent studies of integrin structural changes and intracellular signal
molecules that trigger integrin activation (inside‐out signals), and discuss mole-
cular mechanisms that control lymphocyte integrins and how inside‐out signals
coordinately modulate adhesive reactions and cell shape and migration.

1. Introduction

Immune cells are the most motile cells in the body. Multiphoton microscopy
has been used to reveal a vivid picture of the robust motility that occurs during
lymphocyte interactions with dendritic cells (DCs) in peripheral lymphoid
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tissues (Mempel et al., 2004; Miller et al., 2002). The dynamic regulation of
immune cell adhesive interactions is fundamentally integrated into immuno-
logical responses, and the integrin adhesion receptors play critical roles in this
process (Butcher and Picker, 1996; Butcher et al., 1999; Springer, 1990, 1995).
Integrins constitute a large family of surface glycoproteins, and they are
composed of a and b subunits (Hemler, 1990). In particular, leukocyte integ-
rins, such as lymphocyte function‐associated antigen (LFA‐1; aL /b2) and the
a4 integrins are important in lymphocyte trafficking to peripheral lymphoid
tissues through binding to the endothelial ligands ICAM (intercellular adhe-
sion molecule)‐1 and ICAM‐2 for LFA‐1 and VCAM (vascular cell adhesion
molecule)‐1 and MAdCAM (mucosal addressin cell adhesion molecule)‐1 for
a4 integrins. LFA‐1 and a4 integrins mediate firm attachment of lymphocytes
to high endothelial venules (HEV) and facilitate subsequent migration into
tissues (Butcher et al., 1999). LFA‐1 is also the critical adhesion molecule
in the immunological synapse, a specialized adhesion complex between T cells
and antigen‐presenting cells (APC), and these interactions promote the
activation of naive T cells (Sims and Dustin, 2002).
The ability of cells to modulate the strength of integrin adhesion in response to

extracellular stimuli such as antigen or chemokines is essential to proper immune
function. This activation process, referred to as ‘‘inside‐out signaling’’ (Dustin and
Springer, 1989), ultimately modulates integrin adhesiveness through affinity
modulation (Carman and Springer, 2003), in which ligand‐binding affinity is
altered, and avidity modulation, in which integrin cell surface diffusion and
clustering are modified (van Kooyk and Figdor, 2000), which is referred to as
valency modulation here. Recently, our understanding of these phenomena has
been facilitated by three‐dimensional structures of integrins. Distinct conforma-
tional changes in the integrin extracellular domains are clearly associated with
affinity changes on ligand binding or cell activation (Shimaoka et al., 2002; Takagi
and Springer, 2002). Although integrin activation following physiological adhe-
sion has been documented, the molecules that relay the inside‐out signal and the
mechanism(s) by which affinity and valency modulation are regulated have been
elusive. In this article, I review the recent studies of lymphocyte integrin regula-
tions from viewpoints of structure and valency, intracellular signaling, and their
physiological relevancies in lymphocyte trafficking.

2. Leukocyte Integrins

Integrin adhesion molecules are a large family of 24 members of hetero-
dimeric cell‐surface receptors composed of 18 a and 8 b subunits (Fig. 1).
Cell–matrix and cell–cell interactions mediated by integrins are central to
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many fundamental biological processes such as embryogenesis, angiogenesis,
organ formation, and immune functions (Hynes, 2002). The leukocyte integ-
rin, LFA‐1 (aLb2) is a member of the b2 integrins exclusively expressed on
leukocytes, and shares a common b2 subunit with Mac‐1 (aMb2), p150/95
(aXb2), and a D (aDb2). LFA‐1 plays important roles in binding to endotheli-
um during leukocyte extravasation, lymphocyte homing, and in immunological
synapse formation between T cells and APC (Sims and Dustin, 2002). Lym-
phocytes also express a4 integrins (a4b1, a4b7) that contribute to lymphocyte
trafficking to inflamed or peripheral lymphoid tissues. Ligands for LFA‐1
include ICAM‐1, ‐2, ‐3, and junctional adhesion molecule‐1 (JAM‐1) that are
expressed on endothelium or APC. aMb2 and aXb2, also known as comple-
ment receptor (CR)‐3 and ‐4, bind to iC3b‐coated particles in addition to
ICAM‐1, and mediate phagocytosis of microbes. A hereditary defect in the
b2 subunit that impairs expressions of leukocyte integrins causes a life‐
threatening immunodeficiency, leukocyte‐adhesion deficiency (LAD; Etzioni,
1996). b2 and a4 integrins have been attractive drug targets for inhibition of
inflammatory or autoimmune diseases (Staunton et al., 2006).

In the absence of activation, aLb2 has low affinity for ligand. In inside‐out
signaling, signals received by other receptors activate intracellular signaling
pathways that impinge on integrin cytoplasmic domains and make the extra-
cellular domain competent for ligand binding on a timescale of less than 1s.
This property enables leukocytes to rapidly respond to signals in the environ-
ment, such as cognate antigen or chemoattractant, to activate adhesion, and
direct cell migration. Rapid progress in the integrin extracellular structure
has recently made, which provides important clues how the integrin confor-
mational changes are propagated through the cytoplasmic domain to the leg
domains to the ligand‐binding headpiece (Carman and Springer, 2003; Dustin
et al., 2004).
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Figure 1 Integrin family. The associations between the 18 a chains and 8 chains form at least
24 integrins. Leukocyte integrins are in gray. The integrins that contain the aI domain are indicated
with asterisks (�).
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Figure 2 Structure of b2 integrin. (A) Schematic representation of the b2 integrin. The head
region comprises the aI domain and b‐propeller domain of the a subunit (light shade) and bI
domain of the b subunit (dark shade). The leg region comprises the thigh, calf‐1, calf‐2 of the
a subunit and the hybrid domain, N‐terminal PSI (plexin, semaphorin, and integrin) domain, four
I‐EGF (epidermal growth factor) repeats, and b‐tail domain. Both subunits have a transmembrane
domain and short cytoplasmic domain. A MIDAS is indicated by black spheres. The glycine‐
phenylalanine‐phenylalanine‐lysine‐arginine (GFFKR) motif in the a subunit cytoplasmic domain
and corresponding amino acids in the b subunit cytoplasmic domain constitute a ‘‘hinge’’ region.
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3. Affinity and Valency Regulation

Before going into details of integrin structural changes and regulatory signaling
pathways, how integrin controls total cell adhesiveness (avidity) is briefly con-
sidered. Theoretically, avidity is related to affinity and surface density (valency)
of integrins. Inside‐out signals are thought to modulate either or both of these
parameters and act in a timewindow ranging from less than a second tominutes.
Initial attachments are often transient and weak, and stabilization subsequently
occurs by ligand‐induced conformational changes, linkage to the cytoskeleton,
or cell spreading. It is difficult to distinguish avidity changes by inside‐out
signals from those induced by ligand occupancy even in a short time window.
To distinguish inside‐out signals from postadhesion events, integrin affinity or
valency changes should be examined before cell adhesion. Since conventional
affinity measurements are not sensitive enough to detect affinity changes in
micromolar ranges, affinity modulation has been underestimated. Thus, valency
regulation has been often inferred when activators induce adhesion without
detectable affinity changes. Availability of monoclonal antibodies to detect
distinct conformations of integrins eases this difficulty, and more sensitive
methods to detect affinity (Chan et al., 2003; Lollo et al., 1993), conformation
(Chigaev et al., 2003; Larson et al., 2005), and mobility (Cairo et al., 2006) are
reported and shown to be instrumental to dissect effects of inside‐out signals on
integrins (Sections 4 and 5). These materials and methods are expected to be
exploited widely to study roles of inside‐out signals.

4. Integrin Conformational Changes

4.1. Global Changes of Extracellular Domains in Integrins
That Lack the aI Domains

The overall integrin structure resembles a ‘‘head’’ connected to ‘‘two legs’’
(Fig. 2A). The a subunit comprises an N‐terminal b‐propeller at the top,
followed by three b‐sandwich modules (thigh, calf‐1, and calf‐2). The b subunit
comprises an N‐terminal PSI (plexin, semaphorin, and integrin) domain, fol-
lowed by a b‐sandwich hybrid domain, a bI domain (von Willebrand factor

The b cytoplasmic domain contains a talin‐binding asparagine‐proline‐(any amino acid)‐
phenylalanine (NPXF)motif. (B) Equilibrium of the bent (low affinity) and extended conformations
with the ‘‘closed’’ (intermediate affinity) and the ‘‘open’’ (high affinity) states triggered by separation
of the cytoplasmic tails. The extended‐open, high‐affinity conformation is induced/stabilized by
separation of the a and b cytoplasmic and leg regions. The flexible joints at the genu and between
I‐EGF‐1 and I‐EGF‐2, and the bI/hybrid domain interface are indicated by circles. The upright and
outward motions of the extracellular domains and the hybrid domain in transition from the bent to
the extended and from the closed to the open states are indicated by thick arrows.
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A domain), four epidermal growth factor (EGF) repeats, and a b‐tail domain.
Half of the 18 integrin a subunits (a1, a2, a10, a11, aL, aM, aX, aD, and aE)
also include an I domain in their a subunits (aI‐domain) inserted through short
linkers into the upper face of the b‐propeller. Where present, this domain is the
major site of ligand binding. The major sites of ligand recognition of integrins
that lack the aI domain are the top face of the bI domain and the loops on the
upper surface of the b‐propeller. Both the aI and bI domains contain a metal
ion‐dependent adhesion site (MIDAS), where a divalent metal is coordinated by
a ligand’s acidic residue (Hynes, 2002).
Recent structural studies of integrins that lack the I domain have led to a

general model of integrin conformational changes; in the low‐affinity confor-
mation, the leg region is acutely bent at the ‘‘genu’’ (knee) between the thigh
and calf‐1 domains and between the I‐EGF‐1 and I‐EGF‐2, with the ligand‐
binding headpiece in proximity to the membrane proximal leg region, topo-
logically pointing toward the plasma membrane (Xiong et al., 2001, 2002;
Fig. 2B). The electron microscopic analysis of negatively stained soluble
recombinant integrins together with mutational studies and physicochemical
measurement elegantly demonstrate that the switch blade‐like extension of the
leg regions shifts the molecule to the intermediate or high‐affinity conforma-
tions in a manner dependent on the orientation of the bI domain and hybrid
domain. In a ‘‘closed’’ conformation, the bI makes an acute angle with the
hybrid domain, and in an ‘‘open’’ high‐affinity conformation, the outward
motion of the hybrid domain occurs, making an obtuse angle with the bI
domain (Takagi et al., 2002). Therefore, the extension of the legpiece and
the orientation between the hybrid and bI domains of the headpiece are the
key translator for converting global conformational changes into regulation of
affinity (Takagi and Springer, 2002). Although a bent conformation may not be
equated with low‐affinity binding in all situations (Adair et al., 2005; Xiong
et al., 2002), the extension is thought to be particularly relevant in cell–cell
adhesion mediated by leukocyte integrins. Indeed, it has been suggested from
many studies using monoclonal antibodies that integrins undergo dynamic
conformational changes in the legpiece (Lu et al., 2001a) as well as the
headpiece (Humphries, 2004; Lu et al., 2001b, 2004), depending on divalent
metals, ligand binding, or inside‐out signals.

4.2. Extensions of Extracellular Domains of b2 Integrins

It has been recently demonstrated by using soluble recombinant aXb2 and
aLb2 that b2 integrins also show three distinct conformations: a bent confor-
mation, extended conformations with closed or open states of the headpiece
(Nishida et al., 2006; Fig. 2B), as seen in integrins that lack I domains (Takagi
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et al., 2002). When the entire extracellular domains of a and b subunits are
linked via a disulfide bond and coiled‐coil sequences fused at the C‐terminal
ends (clasped form), aXb2 predominantly showed V‐shaped bent forms in
physiological Mg2þ and Ca2þ concentrations. Compared with clasped aXb2,
clasped aLb2 appears to be more relaxed in conformation, showing both the
bent (55%) and extended‐closed (45%). This is in line with the characteristics
of aXb2, which requires stronger cellular activation for adhesion than other
members of b2 integrins. Removal of C‐terminal clasp (unclasped) of aXb2
increased extends forms with the closed (50%) and open (25%) headpiece with
the rest remained bent. Unclasping of aLb2 also increased the extended‐open
conformation. These results are in an excellent agreement with those of
integrins without the aI‐domain, and support a coherent model of integrin
conformational changes through the bent to the extended‐closed to the
extended‐open states. Since these distinct states can coexist under the defined
conditions, the conformational changes are not all‐or‐none responses, but
should be regarded as equilibria among multiple states (Carman and Springer,
2003). Thus, in basal states integrin molecules are continually flexing (breath-
ing) to some degree, and stabilization of the legpiece prefers the bent form,
and its separation shifts an equilibrium toward the extended forms. The
equilibrium points likely differ in integrin family members. A b2 monoclonal
antibody (CBR‐LFA1/2; Petruzzelli et al., 1995), which induces high‐affinity
states and stimulates adhesion by binding an epitope in the I‐EGF3 domain,
separates a and b leg regions and induced or stabilized extended conforma-
tions. Thus, disruption of the interaction of the a and b cytoplasmic tails by
inside‐out signals probably leads to a loss of the interactions between the leg
regions, resulting in repositioning of the ligand‐binding headpiece pointing
away from the plasma membrane (Fig. 2B). This model is consistent with
studies on epitopes of stimulatory mAb that have now been shown to lie in the
knee or leg regions (Lu et al., 2001a; Xie et al., 2004). Exposure of these
epitopes is low in the bent state of the integrin (where they are masked) but
high in the extended state (Lu et al., 2001a; Xie et al., 2004). The bI domain
appears to play a regulatory role in this conformational change relay. The
treatment of the clasped and unclasped aXb2 with a small molecule antagonist,
XVA143, greatly increased extended conformations predominantly with the
open state (Nishida et al., 2006). This is consistent with the proposed mecha-
nism of XVA143, acting on the MIDAS of the bI domain, leading to the
bI activation with the hybrid domain swing‐out, while inhibiting activation of
the aI domain (Shimaoka et al., 2003a). The bI and hybrid domains may serve
as a switch in transmitting the conformational signals from the ligand‐binding
aI domain to the C‐terminal regions on ligand binding and from the cytoplasmic
tails to the aI domain by inside‐out signals.
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4.3. Multiple Affinity States of the aI Domain

The I domain was crystallized in three major forms: closed (low affinity,�2mM),
intermediate (3–9 mM), and open (high affinity, �0.2 mM; Shimaoka et al., 2002,
2003b). The major conformational changes during the transition from the closed
to open states include a rearrangement of the cation‐coordinating residues in the
MIDAS site, accompanied by a small inwardmovement of the a1 helix and a large
downward shift of the mobile C‐terminal (a7) helix. Crystal structures of aL I
domain reveal that the a7 helix can adopt three different positions. An inter-
mediate state between the fully closed and fully open forms of the domain
involves a downward shift halfway to that observed for the fully open state.
Thus, rearrangement of the MIDAS into the ligand‐binding configuration is
tightly coupled to a downward movement of the C‐terminal helix.

4.4. Regulation of the aI Domain Conformations by the bI Domain

The open and closed conformations of the aI domain are regulated by interac-
tion of the C‐terminal linker with the bI domain. A conserved glutamic acid in
the C‐terminal linker appears to act as an internal ligand to the bI domain and
plays important role in conformational changes of the aI domain (Huth et al.,
2000; Yang et al., 2004b). Mutations of the glutamic acid in the linker or amino
acids constituting the MIDAS of the bI domain result in the low‐affinity state of
the aI domain. Furthermore, double mutation of these residues to cysteine,
allowing formation of the disulfide bond between the linker and bI, results in a
constitutive high‐affinity state of aI (Yang et al., 2004b). These results support
the hypothesis that the bI domain regulates the activity of aI by pulling down on
the linker region leading to a downward movement of the C‐terminal a helix by
exertion of a bell‐rope‐like pull on a segment within the C‐terminal linker region
(Carman and Springer, 2003). Because this site is equivalent to the ligand‐
binding site in integrins that lack I domains, the interaction of the linker with
the MIDAS of the bI domain may occur that are analogous to those that
regulated interactions with ligands in integrins that lack I domains. Thus, the
three headpiece units, the aI, b‐propeller, and bI domains, make a ternary
interaction interface where structural rearrangements of the latter two domains
affect the conformation of the aI domain.

4.5. Regulation of the bI Domain by Extensions and Divalent Metals

Affinity regulation of the bI domain is thought to occur by the same mecha-
nism as that regulating the aI domain. Both a1 and a7 helix movements are
critical for bI domain regulation generating low‐ and high‐affinity states (Luo
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et al., 2004; Mould et al., 2002, 2003b; Yang et al., 2004a). The outward motion
of the hybrid domain is linked to a7 helix movements presumably because the
hybrid domain exerts a downward pull on this structural element. The orien-
tation between the hybrid and bI domains is therefore thought to be a key
translator for converting global conformational changes into regulation of
affinity. However, the high‐affinity state of the b3 integrin locked by a disulfide
bond between the b6 and a7 loop remains in the bent conformer. This suggests
that a7 helix downward movement of the bI domain leading to the high‐affinity
states does not necessarily lead to extended conformers (Luo et al., 2004).

It has been well known that divalent metal ions affect integrin activities,
depending on concentrations andmetal species. For examples,Mn2þ has a potent
stimulatory effect on integrin activity, and Mg2þ and Ca2þ are stimulatory and
inhibitory on lymphocyte integrins, depending on concentrations, respectively
(Dransfield et al., 1992; Shimizu and Mobley, 1993). The major sites of the
modulatory effects of the divalent metals are in the bI domain. The bI domain
contains a MIDAS (b MIDAS) centered between two other metal‐binding sites,
the adjacent MIDAS, ADMIDAS, and the ligand‐induced metal‐binding site,
LIMBS (Xiong et al., 2001). Ligand‐binding activity of the bI domain is regulated
by variable divalent cation occupancy.Occupation of theADMIDAS in highCa2þ

decreases ligand binding, whereas replacement by competing Mn2þ activates
ligand binding. Low Ca2þ, with Ca2þ occupancy at the LIMBS, may synergize
with Mg2þ to support ligand binding (Chen et al., 2003; Mould et al., 2003a).
A mutation of the LIMBS site in a4b7 results in a low‐affinity state, capable of
supporting lymphocyte rolling, whereas mutation of the ADMIDAS results in a
high‐affinity state, supporting firm adhesion of lymphocytes (Chen et al., 2003),
suggesting that the ADMIDAS and LIMBS also have global effects on integrin
bent/extension conformations.

4.6. Cytoplasmic Domain

Both a and b subunits have short cytoplasmic domains (Sastry and Horwitz,
1993). The cytoplasmic domains have categorically three functions: a /b het-
erodimer formation, signaling interface from the inside and outside, and
integrin endocytosis/recycling. It is becoming clear that these functions may
cross‐talk in lymphocyte trafficking.

From the studies using soluble extracellular regions of integrins, a physical
association of C‐terminal regions induces or stabilizes bent conformations and
its separation trigger the extension and affinity upregulation. The membrane
proximal glycine‐phenylalanine‐phenylalanine‐lysine‐arginine (GFFKR) motif
of the a subunit, referred to as the ‘‘hinge’’ domain, is conserved throughout all
integrin families. This motif acts as a negative regulatory sequence suppressing
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integrin adhesion (Hughes et al., 1996); deletion of the motif converts inactive
LFA‐1 into constitutively active LFA‐1 (Lu and Springer, 1997). The arginine in
this GFFKR motif and an aspartic acid at the corresponding position in the b
chain form a salt bridge, placing the a and b cytoplasmic regions in close
juxtaposition. Thismay stabilize bent conformations of integrins,making adhesive
activities low. Consistently, lymphocytes generated from ‘‘knock‐in’’ mice expres-
sing theaL subunit that lacks theGFFKRmotif showhigher basal adhesion levels
than wild‐type lymphocytes (Semmrich et al., 2005). Deletion of the GFFKR
motif also lowers surface amounts of LFA‐1, but not other integrins members,
supporting an important role of the GFFKRmotif in heterodimer formation with
the b2 subunit (Lu and Springer, 1997). Thus, the GFFKR motif facilitates a
heterodimer formation, which is a requisite process to transport an a /b hetero-
dimer to cell surface as an inactive, perhaps bent conformer. On the other hand,
regulatory functions through the GFFKR motif in inside‐out signaling, or
outside‐in signaling are less clear, compared to its structural requirement for
inactive integrin on cell surface. The LFA‐1 that lacks the GFFKR motif still
responds to inside‐out signals including the TCR complex for attachment to
ICAM‐1, and activation of JNK or Erk is not altered on binding to ICAM‐1
(Semmrich et al., 2005). Interestingly, lymphocyte expressing LFA‐1 that lacks
the GFFKR motif is impaired in detachment on ICAM‐1. This defect may
underlie hypoplastic peripheral lymph nodes, and impaired humoral responses
to Tcell‐dependent antigen and leukocyte recruitment into inflamed peritoneum
(Semmrich et al., 2005).
The integrin cytoplasmic domains play crucial roles in transmitting the

inside‐out signals to the extracellular domains as well as outside‐in signals
from ligand‐bound I domains, through binding to cytoskeletal linker proteins
and intracellular proteins to the distinct sites of the cytoplasmic domains
(Calderwood, 2004; Liu et al., 2000). The NPxY/F is well conserved in all
b integrins and is shown to interact with an actin cytoskeleton linker protein,
talin (Calderwood, 2004). In addition, phosphorylation of amino acids in the
cytoplasmic domains is increased by inside‐out signals or after ligand binding
(Fagerholm et al., 2004). Both aL and b2 cytoplasmic phosphorylations are
triggered by inside‐out signals or modulates integrin functions (Fagerholm
et al., 2005; Hibbs et al., 1991), perhaps through recruitment of binding proteins
that recognize phosphorylated amino acids.
The integrin surface distribution is thought to be regulated by lateral

diffusion through linkage of cytoplasmic domains to the cytoskeleton. Distinct
conformations of LFA‐1 are shown to have different surface mobility
measured by single‐particle tracking (Cairo et al., 2006; Kucik et al., 1996).
Intracellular transport also plays an important role of integrin distribution.
Integrins are endocytosed and recycled back between the plasma membrane
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and intracellular pools. The critical role of the cytoplasmic domain is demon-
strated for polarized endocytic recycle of avb3 to the migrating front in
neutrophils and fibroblasts (Jones et al., 2006; Lawson and Maxfield, 1995).
The mutation of the membrane proximal endocytosis motif Y735xxF (F,
a bulky hydrophobic amino acid) of the human b2 subunit inhibits internaliza-
tion of LFA‐1, and impairs detachment (Tohyama et al., 2003) and transporting
of LFA‐1 to the ruffling membrane (Fabbri et al., 1999), resulting in defective
migration. Endocytic recycling pathways of LFA‐1 are different from conven-
tional clathrin‐mediated pathways and depend on lipid raft (Fabbri et al.,
2005). The polarized redistribution of LFA‐1 to the leading edge after chemo-
kine stimulation is also inhibited by mutations of the aL cytoplasmic region
after the GFFKR motif (Katagiri et al., 2003). These mutations make LFA‐1 in
low‐affinity bent conformations with a low exposure of a NKI‐L16 epitope
(Tohyama et al., 2003), a legpiece extension reporter antibody that recognizes
the interface the aL genu and thigh domains (Xie et al., 2004). Thus, the
cytoplasmic regions also have key roles in endocytosis and recycling of leuko-
cyte integrins and link affinity/conformational changes with spatial regulation.

In summary, the extension and the hybrid domain–bI interface can act as
flexible joints and may adopt distinct positions, each of which is likely to have a
global effect on the overall ligand‐binding affinity of the integrin. Integrin
extension may affect cell adhesion through two distinct modes: accessibility to
ligands by extending the head region into a position appropriate for recogni-
tion of extracellular ligands, and affinity to ligands by freeing the hybrid
domain from the structural restrain. Association and separation of a /b cyto-
plasmic domains play regulatory roles in transmitting signals from inside‐out
and outside‐in signals and also control integrin distribution coupled with
cytoskeleton and endocytic recycling.

5. Integrin‐Mediated Adhesion Steps in Lymphocyte Trafficking

It has been becoming apparent that chemokines and antigens play decisive
roles in adhesive interactions with endothelial cells and APC. In this section,
I focus the critical steps of lymphocyte trafficking from attachment and migra-
tion through endothelial venules to interactions with APC (Fig. 3), and discuss
how lymphocyte adhesiveness is modulated by chemokines and antigens in
terms of integrin affinity/conformation and spatial regulation.

5.1. Conversion of Rolling to Firm Adhesion by Chemokines

During entry into peripheral lymph nodes, naive T cells interact with HEV in a
process involving sequential adhesion steps: (1) tether (capture) or roll on
HEV through selectin‐mediated interactions, (2) arrest (stop) mediated by
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Figure 3 Integrin‐mediated adhesive interactions of lymphocytes. (A) Adhesion cascades from
rolling to transmigration. The weak interaction of selectins on lymphocytes with cognate sialyl
glycoproteins on the vascular endothelium induces lymphocyte rolling/tethering. Chemokines
associated with the apical surface of the endothelium activate the LFA‐1/a4 integrins of rolling
lymphocytes, augmenting their adhesiveness to ICAMs, MAdCAM‐1, or VCAM‐1 to mediate
arrest (stop), followed by firm attachment. Attached lymphocytes migrate over the endothelium
and transmigration through these layers, usually at intercellular junctions where junctional adhe-
sion molecules such as CD31, CD99, or JAM‐1 accumulate to mediate diapedesis. (B) Sequential
steps of T‐APC interactions. Migrating T lymphocytes transiently contacts with APC under
guidance with chemokines, which may be associated with cell surface of APC. Chemokine‐
activated lymphocytes crawl over APC to scan cognate antigens. During this step, tethering of
lymphocytes may be occurred through the uropod, depending on LFA‐1 and ICAMs. Antigen
recognition through TCR converts unstable adhesion to firm adhesion, leading to immunological
synapse formations through LFA‐1 and ICAM‐1.
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LFA‐1 and a4 integrins on lymphocytes activated by chemokines through
binding to ICAM‐1 and MAdCAM‐1 on the endothelium, and (3) diapedesis
(transendothelial migration; Fig. 3A). Although rolling is facilitated by lympho-
cyte expression of L‐selectin, with a minor contribution from LFA‐1 and
a4 integrins, LFA‐1 and a4b7 have major roles in the firm attachment of
lymphocytes to HEVs of peripheral lymph nodes and Peyer’s patches (Butcher
et al., 1999). Chemokines, including C‐C‐chemokine ligand 21 (CCL21), CXC‐
chemokine ligand 12 (CXCL12), and CXCL13 (Ebisuno et al., 2003; Okada
et al., 2002; Stein et al., 2000; Warnock et al., 2000), localized on the apical
endothelial surface rapidly increase integrin avidity, resulting in lymphocyte
arrest. Since upregulation of lymphocyte adhesion by chemokines are transient
and affinity changes likely occur in micromolar ranges, it is technically difficult
to detect affinity modulation using conventional assays. Thus, it has been often
controversial whether affinity modulation occurs in physiological contexts.
Nonetheless, the modality of integrin avidity regulation in this step has been
reported to involve both affinity and valency regulation. Stimulation of primary
T cells with chemokines induces the patch‐like clustering of LFA‐1 and the
microclustering of a4b1, which correlate respectively with increased cellular
adhesion to low‐density ICAM‐1 (Constantin et al., 2000) and transient teth-
ering and firm adhesion under shear flow (Grabovsky et al., 2000). LFA‐1 and
a4 integrin affinity is also augmented by chemokine signaling (Chan et al.,
2003; Grabovsky et al., 2000; Shimaoka et al., 2006) and is important for
lymphocyte homing to peripheral lymph nodes (Constantin et al., 2000).

In terms of currently understood integrin conformations, the conformation
mediating rolling appears to most closely correspond to lymphocyte integrins
in an extended conformation with a low‐affinity I domain, whereas the confor-
mation that mediates arrest adhesion appears to most closely correspond to an
extended conformation with an intermediate or high‐affinity I domain. The
experiments using K562 cells reconstituted LFA‐1 carrying a locked aL
I domain with either low, intermediate, or high‐affinity state demonstrate
that rolling adhesion occurs when extension of low‐affinity LFA‐1 is induced
by the treatment with XVA143 and that the shift from low to intermediate
affinity transforms rolling adhesion to firm adhesion in shear flow (Salas et al.,
2002, 2004, 2006). In neutrophil LFA‐1, a shift from low to intermediate
affinity stabilized by IC487475, an aL I domain allosteric antagonist, supports
rolling, whereas high affinity is associated with shear‐resistant leukocyte arrest
(Green et al., 2006). Thus, extension with affinity changes is thought to be a
key step in transition of lymphocyte rolling to arrest triggered by chemokines.

Does chemokines actually induce extension of integrins and affinity changes
during a shift from rolling? It has been shown that immobilized chemokines
induce extended conformations under physiological shear flow, whereas
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soluble chemokines do not (Shamri et al., 2005). Immobilized chemokines
induce lymphocyte b2 legpiece extension recognized by a reporter antibody
KIM127 (Robinson et al., 1992; Xie et al., 2004) with intermediate affinity
changes under shear flow (Shamri et al., 2005). The extension depends on
Gi‐coupled signaling, suggesting endothelial chemokines induce extension of
LFA‐1 with affinity changes in less than a second (Shamri et al., 2005). This
study proposes a model, in which extension of bent LFA‐1 is the critical first
step of lymphocyte arrest, making LFA‐1 accessible to surface ICAM‐1, lead-
ing to ICAM‐1‐induced high‐affinity LFA‐1 conformations and stabilization of
cell adhesion under flow (Shamri et al., 2005). The whole process occurs
within a second at restricted sites on the lymphocyte surface and requires
cooperation of inside‐out and outside‐in signaling.
To examine unbending more directly, conformational changes in cell surface

a4b1 are probed using fluorescent resonance energy transfer (FRET) between
an FITC‐labelled ligand peptide donor and rhodamine B acceptors in the
plasma membrane. Stimulation with Mn2þ induced a high affinity to ligand
and placing the headpiece of the resting integrin near the membrane surface
allows for an extension of theMn2þ activated headpiece�50 Å from the surface.
This distance is approximately one‐half that expected if the integrin molecule
undergoes the conformational change from the fully folded to the fully extended
conformation. The activation of the integrin by inside‐out signaling through a
G‐protein–coupled receptor, resulting in the intermediate affinity, leads to the
head region moving away from the surface by �25 Å after stimulation by a
chemoattractant. The distance change is correlated with ligand‐binding affinity.
The half‐time corresponding the diminution of FRET due to activation of
the integrin is less than 30 s. The results indicate that there is a coordination
between extension of the ligand‐binding headpiece away from the cell surface
and affinity to ligand, and the fully extended conformation were not observed
with this method. Although it could be possible that the extended‐open con-
formations are not induced by inside‐out signals alone, the fully extended
conformation may exist at the moment of the engagement of the integrin by
the natural endothelial ligand under shear flow. The transient bond formation in
rolling would allow the forces to induce a molecular extension, and a ligand‐
bound I domain induces or stabilizes fully extended conformations with the
open headpiece, resulting in arrest and firm adhesion (Shamri et al., 2005).
Interestingly, a study using FRET technology demonstrates that separation of

the aL and b2 cytoplasmic regions occurs following chemokine stimulation and
ligand binding (Kim et al., 2003). This study indicates that separation of cyto-
plasmic regions occurs by inside‐out and outside‐in signaling and support the
notion that chemokine‐stimulated inside‐out signals inhibit close associations of
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a and b cytoplasmic regions, which likely releases a restrain on bent conforma-
tions and induce unbending of the extracellular domains to mediate lymphocyte
arrest.

5.2. Transmigration

Given the presence of chemokines on the apical side of the endothelium, it is
unlikely that a chemokine gradient across the endothelium stimulate transmi-
gration of T cells in vivo. Thus, apical chemokines arrest rolling lymphocytes
and subsequently stimulate cell motility over the endothelium. When migrat-
ing lymphocytes reach intercellular junctions, they begin diapedesis between
apposed endothelial cells (Johnson‐Leger et al., 2000). b1 and b2 integrins are
involved in transmigration step, in addition to adhesion molecules such as
CD31, CD99, or JAM‐1 (Muller, 2003). In addition, shear flow is required for
efficient lymphocyte transmigration (Cinamon et al., 2001). Lymphocyte trans-
migration needs apical chemokines and Gi‐dependent signaling under shear
flow conditions (Cinamon et al., 2001). Requirement of shear stress in lym-
phocyte transmigration suggest a mechanosensitive regulatory process (Vogel
and Sheetz, 2006) acting on migrating lymphocytes and endothelial barriers
through activation of intracellular signaling such as focal adhesion kinases (Li
et al., 1997) and small GTPases (de Bruyn et al., 2003; Tamada et al., 2004).
This may cause enhancement lymphocyte adhesion and motility in vertical
directions, or modulation of junctional permeability.

In addition to paracellular pathways of transmigration, lymphocyte may
migrate in a transcellular fashion (Carman and Springer, 2004), as reported
in leukocytes in vivo (Feng et al., 1998). During transcellular migration,
cuplike‐endothelial projections enriched for ICAM‐1 and VCAM‐1 surround
leukocytes. b2 and a4 integrins are distributed in linear clustering patterns
oriented parallel to the direction of diapedesis (Carman and Springer, 2004).
Vimentin is also involved in transcellular machineries (Nieminen et al., 2006).
Apparently, transcellular migration does not require chemokine gradients, and
arrested lymphocytes may go through endothelial barrier directly, perhaps
skipping firm attachment and migration steps. Further studies are necessary
using recent advances in imaging technology to address the site of lymphocyte
transmigration in vivo.

5.3. Interstitial Migration in Lymphoid Tissues

In situ imaging techniques using multiphoton microscopy have revealed
robust interstitial migration of naive lymphocytes into peripheral lymph
nodes (Miller et al., 2002), probably under the control of chemokines and
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integrins. Lymphocyte migration behavior appears to be a random walk, but
with spatial restrictions; the movement of T cells is confined to subcortical
T cell areas and they are excluded from B cell follicles. The high motility
of naive T cells enables them to encounter the rare population of antigen‐
presenting DCs that have migrated into draining lymph nodes from peripheral
tissues. Specific targeting of lymphocyte migration to T cell areas depends
on chemokines such as CCL21 and CXCL12, and migration to B cell follicles
depends on CXCL13 (Moser et al., 2004), and lymphocyte homing to splenic
white pulp has been shown to depend on LFA‐1 and a4 integrins (Lo et al.,
2003). Soluble chemokine gradients might direct lymphocyte migration
to specific compartments through chemotaxis in lymphoid tissues. But there
are little convincing data to indicate gradient distributions of chemokines
in vivo. Chemokines are highly charged molecules and readily associ-
ated with extracellular matrix (ECM) proteins and cell surface via heparan
sulfates or glycosaminoglycans, as seen in HEV (Miyasaka and Tanaka, 2004).
Chemokines bound to ECM or cell surface of reticular stromal cells could
guide lymphocyte interstitial migration in chemokinetic (migration dependent
on nongradient chemoattaractants) and haptokinetic (migration dependent on
substrates) fashions, independently of chemokine gradients.

5.4. Interactions with APC

The transient activation of integrins by chemokines enables lymphocytes to
scan for cognate antigen during brief contacts with APCs (Fig. 3B). LFA‐1
activation by inside‐out signaling is demonstrated for binding of T cells to
ICAM‐1 on stimulation with TCR ligation (Dustin and Springer, 1989). Once
T cells recognize cognate antigen through peptide–MHC ligation of the TCR,
a dynamic redistribution of TCR and LFA‐1 to the contact site occurs within
minutes (Grakoui et al., 1999); LFA‐1 then translocates from the center of the
contact site to the periphery, accompanied by the reciprocal movement of the
TCR complex. These events lead to the formation of a stable adhesion termed
immunological synapses (IS), or supramolecular activating clusters (SMACs), a
characteristic structure in which an external LFA‐1 ring surrounds central
TCR clusters (cSMAC; Monks et al., 1998). In the peripheral SMAC
(pSMAC), ICAM‐1‐engaged LFA‐1 is colocalized with talin, and likely takes
extended conformations. Thus, segregation of LFA‐1 to the peripheral is
structurally relevant distribution so that large extracellular domains of LFA‐1
and ICAM‐1 do not sterically hinder relatively small TCR and antigen–
peptide–MHC complex, allowing stable antigen recognition (Sims and Dustin,
2002). However, the mechanisms underlying the SMAC, especially how LFA‐1
molecules are redistributed as a ring remains elusive.
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It is becoming clear that T cells, particularly naive cells are activated during
short contacts with antigen peptide‐MHC bearing APC. For example, T cells
in a collagen matrix stop very infrequently but still get activated and proliferate
(Gunzer et al., 2000). Multiphoton scanning laser microscopy have shown that
after encountering APC‐presented cognate antigen in vivo, T cells undergo
distinct changes in their adhesion patterns (Bousso and Robey, 2003; Mempel
et al., 2004; Miller et al., 2004): initial short‐lived contacts with antigen‐
presenting DCs followed by the formation of stable T cell–APC conjugates,
which eventually lead to autonomous T cells migration and cell division.
Integrins and intracellular signaling from receptors for chemokines and anti-
gens likely regulate these changes in T cell behavior after activation (Friedman
et al., 2005). It has been recently demonstrated that CCL21 is bound to cell
surface of CD11cþ dendritic APC (Friedman et al., 2006). Interestingly,
chemokines bound to APC stimulate the initial short‐lived interactions of
lymphocytes via LFA‐1 and ICAMs, and enhances the subsequent formations
of an antigen‐dependent stable adhesion. During initial contacts, a T cell
moves over a chemokine‐bound APC, which often results in tethering at
uropod, while the leading edge is active and the cell often appears to crawl
away from the APC. The uropod tethering occurs depending on LFA‐1 and
ICAMs. When the leading edge subsequently engages with antigen‐bearing
cell surface of the same (in cis) or a neighboring cell (in trans), the uropod
tether rapidly released, concomitant with initiation of Ca2þ influx and IS
formation, indicating antigen recognition and activation (Friedman et al.,
2006). The initial transient interaction and tethering may help keep lympho-
cytes in proximity to APC until LFA‐1 is sufficiently activated. Antigen engage-
ment triggers TCR‐mediated inside‐out signals and further stabilizes
attachments and initiates IS formation (Fig. 3B). Thus, this two‐step ‘‘tether‐
to‐synapse’’ dynamic is mediated by sequential activation of LFA‐1 by surface‐
bound chemokines and cognate antigens and may correspond to a transition
from a ‘‘swarming’’ pattern of lymphocyte interactions with antigen‐bearing
APC to stopping and IS formation in vivo (Miller et al., 2004).

6. Talin as Intracellular Regulator for Lymphocyte Adhesion and Migration

Talin is a 250‐kDa cytoskeletal protein that links integrins and the actin cyto-
skeleton (Horwitz et al., 1986). It is a component of focal adhesion complexes in
fibroblasts (Burridge and Connell, 1983). Talin has an additional function
in regulating cadherin gene expression, which is independent of integrins
(Becam et al., 2005). Talin is localized in the leading edge of chemokine‐
stimulated lymphocytes (Foger et al., 2006; Gomez‐Mouton et al., 2001) and
in immunological synapse (Monks et al., 1998). In addition to linking integrins
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with actin cytoskeleton, it has been proposed that talin serves as inside‐out
signals (Calderwood, 2004). Talin has an N‐terminal integrin‐binding FERM
(4.1 ezrin, radixin, moesin) domain and a C‐terminal actin‐binding tail domain
and serves as a linker between integrins and actin cytoskeleton. The FERM
domain contains a region that directly associates with the NPXY/F motif, which
is conserved in the b chains of most integrins (Calderwood, 2004). Overexpres-
sion of this domain activates b,b,and b3 integrins (Calderwood et al., 1999; Kim
et al., 2003). Knockdown of talin by small interference RNA inhibits b3 integrin
activation (Tadokoro et al., 2003). Proteolytic cleavage of talin by calpain
produces talin head fragments (Yan et al., 2001). Separation of the cytoplasmic
domains of aLb2 is detected by FRET by overexpression of the talin head
(Kim et al., 2003). Thus, generation of this talin fragment potentially serves as
an inside‐out signal to modulate LFA‐1 affinity by separation of LFA‐1 cyto-
plasmic domains. However, it was reported that calpain inhibitors reduce TCR‐
stimulated LFA‐1‐mediated adhesion of lymphocytes to ICAM‐1 (Stewart
et al., 1998). But this study did not focus on either talin cleavage or affinity
regulation of LFA‐1. Rather it was proposed that calpain induced release of
LFA‐1 from a cytoskeletal restraint that prevents lateral diffusion and cluster-
ing. Thus, the result was interpreted in terms of valency regulation. In support
of a negative function for talin, LFA‐1 is constitutively associated with talin
in resting neutrophils, but after activation LFA‐1 dissociates from talin and
associates with a‐actinin (Sampath et al., 1998). Furthermore, treatment with a
low dose of cytochalasin D, which inhibits actin polymerization, upregulates
integrin surface diffusion and adhesion (Kucik et al., 1996). Latrunclin A,
which also prevents actin polymerization by binding to actin monomers, in-
creases rolling and firm adhesion by LFA‐1 (Salas et al., 2002). Although talin
and actin cytoskeletons are important in postadhesion events by strengthening
of adhesion complex or cell migration (Smith et al., 2005), cleavage of talin is
not involved in transition from rolling adhesion to firm adhesion (Constantin
et al., 2000; Shamri et al., 2005). Knockdown of talin lowers chemokine‐
triggered lymphocyte interactions to low‐density, but not high‐density ICAM‐1
in shear flow, indicating an important role of talin in adhesion strengthening
(Shamri et al., 2005).
Interestingly, in migrating lymphocytes ICAM‐1‐engaged, high‐affinity con-

formations of LFA‐1 recognized by mAb24 is localized in the midbody area
termed focal zone and colocalized with talin (Smith et al., 2005). Internal
reflection microscopy shows that a cell attaches strongly in the focal zone
and to a lesser extent at the leading edge, but not in the uropod. Thus, this
suggests that LFA‐1 affinity/conformation changes are spatially regulated: high
in the focal zone, low in the uropod, perhaps intermediate in the leading edge.
ICAM‐1‐engaged, high‐affinity LFA‐1 is low mobility on the cell surface,
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suggesting a linkage of this subpopulation of LFA‐1 to cytoskeleton via talin.
This study shows that the LFA‐1–talin complex formation is required for
efficient migration on ICAM‐1 (Smithi, 2005).

7. Intracellular Signals in Chemokine‐Induced Adhesion and Migration

Chemokines activate multiple signaling pathways, including the phosphatidyli-
nositol 3‐kinase (PI3K), phospholipase C (PLC), Ras/Rho family of small
GTPases, and mitogen activated protein (MAP) kinase cascades, each of which
has been implicated in the inside‐out signaling cascades that control integrin
affinity and valency regulation and the associated changes in cytoskeleton, cell
polarity, and morphology, which regulate lymphocyte migration (Fig. 4).

7.1. PI3K Pathways

PI3K plays a crucial role in chemotaxis or directed migration along a chemokine
gradient (Ward, 2004). Experiments using PI3K inhibitors have shown that
inhibition of PI3K activity blocks chemokine‐triggered LFA‐1 clustering and
adhesion to low density ICAM‐1. However, treatment with PI3K inhibitors did
not block adhesion to high density ICAM‐1 or in vivo lymphocyte homing
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Figure 4 GPCR‐triggered signals lead to integrin activation and development of the leading edge
and uropod structures.
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(Constantin et al., 2000). Therefore, whereas it is clear that activation of PI3K
can function in inside‐out signaling following ligation of costimulatory mole-
cules (Shimizu et al., 1995; Zell et al., 1996) or activation of c‐kit (Kinashi et al.,
1995), and that a constitutively active form of the PI3Ka catalytic subunit
increases ligand‐binding affinity and the observed conformational changes in
LFA‐1 (Katagiri et al., 2000), the contribution of PI3K signaling pathways to
integrin activation by chemokines remain ill‐defined. Indeed, although PI3K is
required for efficient chemotaxis of myeloid cells (Hirsch et al., 2000; Li et al.,
2000) and lymphocytes (Reif et al., 2004), studies using gene targeting of
the catalytic subunits of PI3Kg, PI3Kd, or other isoforms did not show any
defects indicative of reduced integrin function (Nombela‐Arrieta et al., 2004;
Okkenhaug and Vanhaesebroeck, 2003). These results suggest that PI3K is
critical in directional sensing but does not play a major role in integrin
activation in lymphocytes.
Cytohesin‐1, isolated in a yeast two‐hybrid screen using the b2 integrin

cytoplasmic region as bait (Kolanus et al., 1996), has a plekstrin homology
(PH) domain that binds to phosphatidylinositol (3,4,5) triphosphate (PIP3).
This protein also functions as a guanine exchange factor (GEF) for members of
the ADP ribosylation factor (ARF) family of GTPases (Meacci et al., 1997).
Overexpression and mutational analyses showed that cytohesin‐1 upregulates
LFA‐1 adhesion through valency modulation in a manner dependent on the
PH domain and its association with LFA‐1. These experiments indicate a role
for cytohesin‐1 in leukocyte arrest and transmigration, which also requires the
actin regulator ARF6 (Weber et al., 2001). Cytohesin‐1 is reportedly involved
in outside‐in signaling pathways leading to MAP kinase activation (Perez et al.,
2003); however, its physiological function as an inside‐out signaling molecule
has yet to be demonstrated in vivo.

7.2. Rho Pathways

RhoA is involved in lymphoid polarization and chemotaxis (Sanchez‐Madrid
and del Pozo, 1999). Rho signaling is thought to be critical in both chemokine‐
triggered LFA‐1 activation and LFA‐1 mediated lymphocyte homing in vivo
(Constantin et al., 2000; Laudanna et al., 1996). In a transgenic mouse model, a
constitutively active mutant of RhoA increase basal adhesion of thymocytes
and peripheral lymphocytes to VCAM‐1, ICAM‐1, and fibronectin (Vielkind
et al., 2005). The distinct RhoA effector regions differentially modulate LFA‐1
affinity and valency regulation by chemokines (Giagulli et al., 2004). For
example, the high‐affinity form of LFA‐1 induced by chemokines is inhibited
by the peptide containing RhoA amino acids 24–40, which also impairs lym-
phocyte adhesion to high‐density ICAM‐1 and in vivo homing to Peyer’s
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patches HEVs. Chemokine‐stimulated PKC‐z kinase activity and its transloca-
tion to the plasma membrane depends on PI3K partially and the RhoA 24–40
effector region, respectively. ROCK, a serine/threonine kinase effector mole-
cule of RhoA, is ruled out in these processes using specific inhibitors. The
effector molecule interacting with the RhoA 24–40 region responsible for the
generation of high affinity LFA‐1 or PKC‐z translocation has not yet been
identified.

Rho signaling also has a negative role in integrin‐mediated adhesion. RhoA is
required to retract the tail of themigrating lymphocytes andmonocytes through
ROCK (Smith et al., 2003; Worthylake et al., 2001). Inhibition of RhoA or
ROCK increases LFA‐1‐mediated adhesion through valency modulation in
human T cells (Rodriguez‐Fernandez et al., 2001). Lsc, a murine homologue
of human p115 Rho GEF, is specifically expressed in hematopoietic‐lineage
cells and is shown to be critical in lymphocyte motility and antigen responses
(Girkontaite et al., 2001; Rubtsov et al., 2005). Lsc‐deficient B cells, especially a
marginal zone B (MZB) cells display enhanced chemotactic responses to serum
and sphingosine 1‐phosphate (S1P), but not chemokines. Furthermore, S1P‐
induced attachment to ICAM‐1 and VCAM‐1 is increased in Lsc‐deficientMZB
cells, which display defective detachment at the trailing edge (Rubtsov et al.,
2005). The chemotactic response of MZB cells to S1P is largely mediated by
S1P3 (Cinamon et al., 2004), a seven transmembrane receptor coupled with Gi
as well as G13 and Gq (Windh et al., 1999); the latter two activate RhoA (Sah
et al., 2000). Lsc contains a regulator of G‐protein signaling (RGS) domain that
downmodulates heterotrimeric G‐proteins, especially Ga13 (Hart et al., 1998;
Kozasa et al., 1998). Lsc deficiency may result in sustained activation of Ga13
and impaired Rho activation at the trailing edge. Thus, ‘‘wiring’’ of Rho signaling
to upstream and downstream elements may vary in distinct subcellular regions,
generating positive and negative influences on integrin‐mediated adhesion and
migration.

7.3. Rap1 Pathways

The small GTPase Rap proteins have emerged as an important regulator of
integrin adhesiveness (Bos et al., 2001). The Rap1 family consists of two highly
homologous rap1a and rap1b, and two related rap2 genes. Constitutively active
mutants of Rap1A and Rap1B potently increase b1, b2, and b3 integrin (Bertoni
et al., 2002; Caron et al., 2000; Katagiri et al., 2000; Reedquist et al., 2000;
Sebzda et al., 2002). Rap2 is also stimulatory in B cell migration (McLeod
et al., 2002). Rap1 is activated by the chemokines CCL21, CXCL12, CXCL13
(Durand et al., 2006; McLeod et al., 2002; Shimonaka et al., 2003). Inhibition of
Rap1 abrogates chemokine‐stimulated adhesionmediated by LFA‐1 and VLA‐4
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(Shimonaka et al., 2003), indicating an important role for Rap1 in inside‐out
signaling triggered by chemokines. Rap1 activation is also required for a
chemoattractant S1P (Rosen and Goetzl, 2005) to induce B cell migration and
adhesion to ICAM‐1 and VCAM‐1 (Durand et al., 2006).
Rap1 upregulates ligand‐binding affinity to soluble dimeric ICAM‐1‐Fc and

induces extended conformations of LFA‐1 detected with NKI L‐16 mAb
(Katagiri et al., 2000; Reedquist et al., 2000; Tohyama et al., 2003) and also
stimulates LFA‐1 clustering (Katagiri et al., 2003; Sebzda et al., 2002). Acti-
vated Rap1 also robustly stimulates lymphocyte migration on ICAM‐1 and
transendothelial migration under shear flow (Shimonaka et al., 2003). The
adhesion‐stimulatory effect of Rap1 requires the aL cytoplasmic domain,
especially, the lysine residues at positions 1097 and 1099 after the GFFKR
motif; replacement of these lysines with alanines suppressed the increases in
LFA‐1 affinity and the accompanying conformational changes impairs LFA‐1
activation on stimulation with chemokines or TCR cross‐linking (Tohyama
et al., 2003), emphasizing the physiological importance of this region in
transmitting inside‐out signals to the extracellular region.
In agreement with the proposed importance of Rap1 in chemokine‐mediated

integrin activation, defective regulation of Rap1 occurs in Epstein‐Barr virus
(EBV)‐transformed lymphocytes derived from some patients with LAD (Kinashi
et al., 2004). Although Rap1 activation by chemokines is a pertussis toxin‐
sensitive Gi/o‐dependent process (Shimonaka et al., 2003), regulatory processes
to trigger Rap1 activation including GDP/GTP exchange factors are not clear.
A Rap1 exchange factor CalDAG‐GEFI and Rap1b are critically important
for platelet aggregation and thrombus formation via aIIbb3 (Chrzanowska‐
Wodnicka et al., 2005; Crittenden et al., 2004), but their importance on leukocyte
trafficking are not reported.
Chat‐H, a hematopoietic‐specific isoform of a Cas family protein (Sakakibara

et al., 2003), is shown to be involved in Rap1 activation by chemokines in
lymphocytes (Regelmann et al., 2006). Knockdown of Chat‐H by lentivirus‐
mediated RNA interference impairs chemokine‐stimulated Rap1 activation and
adhesion mediated by LFA‐1. Chat‐H deficient lymphocytes are also defective
in lymphocyte trafficking to peripheral lymph nodes. Chat‐H localization with
the plasmamembrane and association with an adaptor protein CasL are required
for Tcell migration. Chat‐H knockdown neither affects Rac activation by chemo-
kines nor impairs Rap1 activation by TCR ligation (Regelmann et al., 2006).
Chat‐H may act as a critical signaling molecule upstream of Rap1 to regulate
chemokine‐induced adhesion and migration.
A Rap1‐binding protein, RAPL (regulator of adhesion and cell polarization

enriched in lymphoid tissues) is isolated in a yeast two‐hybrid screen using
Rap1V12 as bait (Katagiri et al., 2003). RAPL possesses a central Ras/Rap
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association (RA) domain, which has a protein‐interacting coiled‐coil region at
the C‐terminus. RAPL is an alternatively spliced form of Rassf5 (also known as
Nore1), which belongs to the Rassf tumor suppressor family (Tommasi et al.,
2002). RAPL, which is highly expressed in lymphocytes, binds to active Rap1‐
GTP, but not inactive Rap1‐GDP, and associates with Rap1 on lymphocyte
stimulation with CXCL12 or following TCR ligation, and overexpression of
RAPL was shown to increase LFA‐1 avidity by both affinity and valency
modulation (Katagiri et al., 2003). Activated Rap1 or RAPL overexpression
also induces cell polarization similar to that seen in chemokine‐stimulated
lymphocytes, showing membrane ruffling at one end (the leading edge) and
formation of a uropod at the rear. Furthermore, RAPL forms a complex with
LFA‐1, the formation of which is dependent on Rap1 activation as well as the
presence of lysines 1097 and 1099 in the aL chain. The association of RAPL
and LFA‐1 is spatially regulated; on stimulation with chemokines or the
introduction of activated Rap1, RAPL associates with LFA‐1 and relocates to
the leading edge, forming large patch‐like clusters (Katagiri et al., 2003). Thus,
affinity and valency modulations by Rap1 and RAPL are concurrent and
coordinated with cell polarization. This result is further supported by studies
of lymphocytes derived from RAPL‐deficient mice (Katagiri, 2004a); RAPL‐
deficient T and B cells were defective in chemokine‐stimulated adhesion, a
process dependent on LFA‐1 and VLA‐4. These cells exhibited poorly polar-
ized morphology and minimal LFA‐1 clustering. Studies of RAPL‐deficient
mice have also shown a crucial role for RAPL in other integrin‐dependent
processes controlled by chemokine stimulation, such as the trafficking of
lymphocytes and DCs to peripheral lymph nodes and the spleen (Katagiri,
2004). Recently, mammalian Ste20‐like kinase MST1/STK4 is identified as a
critical effector of RAPL. RAPL regulates the localization and kinase activity of
Mst1 (Katagiri et al., 2006). Knockdown of Mst1 demonstrates its requirement
for the induction of both a polarized morphology and integrin LFA‐1 cluster-
ing and adhesion triggered by chemokines and TCR ligation. RAPL and Mst1
localize to vesicular compartments and dynamically translocate with LFA‐1 to
the leading edge on Rap1 activation, suggesting the regulatory role of RAPL–
Mst1 complex in intracellular transport of LFA‐1 (Katagiri et al., 2006).

Rap1‐interacting adaptor molecule (RIAM also known as RARP1; Inagaki
et al., 2003) is isolated by yeast two‐hybrid screening with an active Rap1mutant
as bait (Lafuente et al., 2004). RIAM is a proline‐rich 100‐kDa protein bearing
RA and PH domains. RIAM interacts with the active Rap1 mutant but not
H‐Ras mutant in two‐hybrid assays. RIAM interacts with actin‐regulating en-
abled (Ena)/vasodilator‐stimulated phosphoprotein (VASP) proteins and profi-
lin, and belongs to the MRL (Mig10/RIAM/Lamillipodin) family of proteins
(Legg and Machesky, 2004). Overexpression of RIAM‐induced conformational
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changes of b1 and b2 integrins and augmented cell spreading and adhesion of
Jurkat T cells to fibronectin and ICAM‐1. Knockdown of RIAM expression by
RNA interference reduces levels of polymerized actin and impairs Rap1‐in-
duced adhesion. Interestingly, RIAM knockdown displaces active Rap1 from
the plasma membrane. Actin polymerization by RIAM required Ena–VASP
interactions, but the pro‐adhesive effect does not require these interactions,
suggesting that actin polymerization is not involved in integrin activation. RIAM
is also shown to enhance talin‐dependent aIIbb3 activation (Han et al., 2006). It
is not known whether RIAM regulates integrin‐mediated lymphocyte adhesion
by chemokines or TCR.
A murine orthologue of human RIAM is independently identified by cross‐

reactivity of an antibody that binds a proline‐rich sequence of zyxin, and
termed proline‐rich EVH1 ligand 1 (PREL1; Jenzora et al., 2005). PREL1
modestly associates with an active H‐Ras mutant, but not other Ras/Rho family
members, including Rap1 by pulldown assays using the RA domain of PREL1,
or coimmunoprecipitation with the full‐length PREL1. PREL1 is shown to
relocate to the tips of circular lamellipodia and focal adhesion, and colocalized
with VASP transiently in a time course similar to that of H‐Ras activation
(Jenzora et al., 2005). Although the discrepancy regarding the specificities of
small GTPases to which RIAM and PREL1 interact is not clear, the conserved
function of RIAM and PREIL appears to translocate and activate actin‐
remodeling machineries. Further studies are required to clarify the relationship
of RIAM/PREL1 and Rap1‐regulated adhesion.

7.4. Rac Pathways

The deletion of both Rac1 and Rac2 genes leads to a massive egress of hemato-
poietic stem/progenitor cells (HSC/Ps) into the blood. HSC/Ps deficient for Rac1
and Rac2 displays decreased adhesion to fibronectin, defective chemotaxis to
CXCL12, and a failure of bonemarrowengraftment (Gu et al., 2003), suggesting a
critical role of Rac1 and Rac2 in integrin‐mediated stem cell adhesion. Rac2‐
deficient leukocytes are defective in shear‐dependent L‐selectin‐mediated cap-
ture on Glycam‐1 as well as F‐actin generation, and chemoattractant‐stimulated
MAP kinase activation (Roberts et al., 1999). Neutrophils deficient for both Rac1
and Rac2 show normal integrin‐mediated adhesion but markedly reduced migra-
tion and defective cell spreading (Gu et al., 2003). The effects ofRac deficiency on
lymphocytes trafficking has not been described yet.
DOCK2, a hematopoietic‐specific member of the CDM (Ced‐5, DOCK180,

Myoblast city) family of proteins, regulates Rac activation in lymphocytes (Fukui
et al., 2001).Deficiency inDOCK2 severely impairsRac1 andRac2 activation and
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defective development of the actin cytoskeleton in lymphocytes and neutrophils
stimulated by chemokines (Fukui et al., 2001; Kunisaki et al., 2006; Sanui et al.,
2003). As a consequence, both in vitro lymphocyte chemotactic responses and
in vivo trafficking to peripheral lymphoid organs are severely diminished in these
mice (Nombela‐Arrieta et al., 2004). DOCK2 deficiency differentially affects
integrin activity in T and B cells; adhesive responses to chemokines and phorbol
esters through LFA‐1 and a4 integrins are diminished in B cells, but not in Tcells
(Nombela‐Arrieta et al., 2004). This effect was also observed in vivo using
intravital microcopy to show that firm attachment to peripheral lymph node
venules was only impaired for B cells. Changes in affinity for ligand, however, is
not observed in DOCK2‐deficient B cells. Furthermore, as LFA‐1 clustering
occurs normally in CXCL13‐stimulated B cells, it remains unclear if DOCK2
deficiency affects integrin function directly. In in vitro experiments, DOCK2‐
deficient T cells are normal in arrest and firm attachment but defective in lateral
lymphocyte motility before and after transendothelial migration under flow
(Shulman et al., 2006). Since actin polymerization triggered by chemokines is
defective in both T and B cells from DOCK2‐deficient mice (Fukui et al., 2001;
Shulman et al., 2006), but the integrin defect was seen only in DOCK2‐deficient
B, it is possible that actin polymerization is not an effector executing lymphocyte
integrin activation. Instead, DOCK2 may serve a regulatory role controlling Rac
activation or a cytoskeleton‐independent function, which could affect other
inside‐out signaling molecules in a B cell‐specific manner. Further investigation
to clarify the defect in B cell integrins activation will provide insight into lineage‐
specific integrin modulation.

Vav1, a hematopoietic exchange factor for Rac is activated by CXCL12
(Vicente‐Manzanares et al., 2005) in human peripheral blood lymphocytes,
and overexpression of a dominant‐negative form of Vav1 abolish lymphocyte
polarization, actin polymerization, and migration. In one study (Garcia‐Bernal
et al., 2005), Vav1 and Rac are shown to be a critical role in CXCL12‐triggered
a4b1 integrin activation to mediate VCAM‐1‐dependent attachment of Molt4
and primary T cells under static and shear flow conditions. Vav1 is also shown
to be involved in LFA‐1 activation by TCR (Krawczyk et al., 2002) (see below).
In contrast, neutrophils deficient for both Vav1 and Vav3, major isoforms
expressed in neutrophils, are shown to be normal in chemotaxis and attach-
ment on ICAM‐1 under shear flow or on inflamed venule in vivo but are
defective in stable attachment and spreading (Gakidis et al., 2004). Activation
of Rac1 and Rac2 by a chemoattractant f‐MLP are normal in Vav1/Vav3‐
deficient neutrophils, but signaling through aMb2 to activate protein kinases
including PAK are severely diminished, indicating a prominent role of Vav
proteins in outside‐in signaling (Gakidis et al., 2004).
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SWAP‐70 is a B‐cell specific Rac exchange factor that binds to PIP3 and
F‐actin through a PH domain and C‐terminal region, respectively (Ihara et al.,
2006; Shinohara et al., 2002). SWAP‐70‐deficient mice does not show any
abnormalities in homeostatic lymphocyte trafficking. However, lymphocyte
migration to inflamed lymph nodes is reduced (Pearce et al., 2006). SWAP‐
70‐deficient B blasts show impairment in cell polarization displaying defective
uropod formation and enhanced cell spreading on anti‐CD44 antibody cross‐
linking. Although chemokine‐stimulated adhesive responses to ICAM‐1 and
MAdCAM‐1 are normal, lymphocyte polarization of SWAP‐70‐deficient
B cells by chemokines is also impaired with enhanced cell spreading. SWAP‐
70‐deficient B cells normally adhere to HEV but do not enter into lymph node
tissues efficiently (Pearce et al., 2006). Since SWAP‐70 is shown to modulate a
transitional subset of actin filaments in fibroblastic motile cells (Hilpela et al.,
2003), SWAP‐70 may have a similar role in B cells and control lymphocyte
polarization and migration that is necessary during diapedesis.
Coronin1, an inhibitory protein opposing actin‐polymerizing Arp2/3, has

important roles in T cell morphology and migration (Foger et al., 2006).
Coronin1‐deficient mice display reduced T cell numbers in peripheral blood
and lymph nodes and spleens. Coronin1‐deficient T cells do not develop
chemokine‐stimulated polarized cell shapes with talin segregation to the lead-
ing edge. Moreover, steady‐state F‐actin is reduced and Rac1 activation by
chemokine stimulation is diminished. Consequently, coronin1‐deficient T cells
are defective in chemotaxis and reduced trafficking to peripheral lymph nodes
(Foger et al., 2006), but it is not reported whether coronin1 modulate integrin
functions.

7.5. RhoH

The small GTPase RhoH is identified as a negative regulator of LFA‐1 avidity
(Cherry et al., 2004). Gene inactivation of RHOH by insertional mutagenesis
or knockdown of mRNA expression with RHOH‐specific siRNA induces con-
stitutive activation of LFA‐1 and the structural changes associated with high‐
affinity or extended LFA‐1 conformations (Cherry et al., 2004). Inactivation of
RHOH also activates a4b1. These findings strongly suggest that the low
adhesive state of lymphocyte integrins is actively controlled and maintained
by RhoH. RhoH is a leukocyte‐specific inhibitory Rho family member known
to suppress the effects of Rac, Cdc42, and RhoA on nuclear factor‐kB, or p38
MAP kinase activation. This protein does not appear to have an effect on
assembly of the actin cytoskeleton induced by activated RhoA or platelet‐
derived growth factor (PDGF; Li et al., 2002), but reduced CXCL12‐stimu-
lated F‐actin and chemotaxis, and also impairs proliferation of HSC and Rac
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activation by stem cell factor (Gu et al., 2005). Although RhoH is a member of
the Ras superfamily of small GTPases, it is GTPase‐deficient and constitutively
in the active GTP‐bound form. It is therefore tempting to speculate that RhoH
protein levels could set a default basal level of integrin activity in resting
lymphocytes.

8. Inside‐Out Signaling Events in TCR‐Stimulated Lymphocytes

Once T cells recognize cognate antigen through peptide–MHC ligation of the
TCR, transient, unstable adhesion to APC transforms sustained, firm adhesion,
concomitant with dynamic redistribution of TCR and LFA‐1 to the contact
site; LFA‐1 then translocates from the center of the contact site to the
periphery, accompanied by the reciprocal movement of the TCR complex,
forming a mature IS. The molecular basis of inside‐out signaling by TCR has
been intensively examined, implicating Tec tyrosine kinases, Vav1, ADAP
(Fyb/SLAP130), and Rap1‐RAPL, PDK1 as inside‐out signaling molecules
triggered by TCR engagement (Fig. 5).

TCR complex

PLC-g1

CalDAG
-GEFsC3G

DOCK2

Rac

SLP76

ADAP
SKAP55

Rap1-GTP

RAPL
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TCR clutering
(cSMAC)

Integrin activation
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Zap70

Ena/VASP
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Lipid raft
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cytoskeleton

Rap1-GDP
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Figure 5 TCR‐triggered signals, leading to integrin activation, actin cytoskeleton, and TCR
clustering, also lead to the development of the peripheral (pSMAC) and central (cSMAC) SMACs.
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8.1. Tec Family Kinases

The Tec family kinases Itk, Rlk, and Tec are important mediators of TCR
signaling pathways that regulate T cell activation and differentiation (Lucas
et al., 2003). For example, TCR‐triggered Itk activation stimulates b1 integrin‐
dependent T cell adhesion, which requires PI3K‐dependent Itk membrane
localization and kinase activity (Woods et al., 2001). Itk activation also induces
actin polymerization triggered by TCR ligation (Woods et al., 2001) or chemo-
kine stimulation (Takesono et al., 2004). Consistent with this, T cells from Itk�/�

mice are defective in IS formation, adhesion through b1 and b2 integrins,
calcium flux, and actin polymerization (Labno et al., 2003). Itk has also been
shown to be required for chemokine‐stimulated lymphocyte migration
(Fischer et al., 2004), and adhesion of chemokine‐stimulated Itk�/� thymo-
cytes to fibronectin was impaired, indicating that Itk is also involved in integrin
regulation by chemokines (Fischer et al., 2004). Mechanistically, Itk is shown
to be required for activation of WASP and Cdc42 at the IS, likely explaining
the defect in actin polymerization and IS formation in Itk‐deficient T cells
(Labno et al., 2003). However, since WASP deficiency does not affect integrin
activation (Krawczyk et al., 2002), defective actin polymerization is not likely a
cause of impaired integrin activity in Itk�/� Tcells. In contrast, Itk is important
in formation of the LAT, Vav1, and SLP‐76 signaling complex and activation of
PLCg‐1 (Lucas et al., 2003), indicating that inside‐out signaling triggered by
Itk is mediated by these downstream elements.

8.2. Rac Signaling Pathways

The importance of Vav1 in LFA‐1 activation is demonstrated by gene targeting
(Krawczyk et al., 2002). Vav1‐deficient thymocytes and peripheral T cells show
impaired TCR‐dependent LFA‐1 activation and IS formation, concurrent with
both defective actin cytoskeleton assembly and TCR clustering. In addition,
Vav1‐deficient thymocytes and T cells exhibit deficiencies in TCR‐triggered
calcium flux and PLCg‐1 and PI3K activation, leading to inhibition of T cell
and thymocyte growth and differentiation (Tybulewicz et al., 2003). These
pleiotropic defects in Vav1‐deficient mice make it difficult to identify the
signaling molecule downstream of Vav1 crucial for LFA‐1 activation. As Vav1
is a GEF for Rho family GTPases, especially Rac, it was thought that defects in
the actin cytoskeleton in Vav1‐deficient T cells impaired LFA‐1 function.
However, deficiency in the Rac effector WASP affects only TCR clustering,
and not LFA‐1 activation, indicating distinct pathways control LFA‐1 and TCR
surface distribution (Krawczyk et al., 2002). This conclusion is further sup-
ported by studies with DOCK2‐deficient lymphocytes, which demonstrate
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impaired clustering of TCR molecules. In contrast, DOCK2 deficiency had
little effect on the formation of the LFA‐1 ring, suggesting that the actin
cytoskeleton is dispensable for LFA‐1 ring formation (Sanui et al., 2003).

8.3. Rap1 Signaling Pathways

Although previous studies have indicated that enhanced Rap1 activity is
associated with T cell anergy (Boussiotis et al., 1997), Rap1 has been shown
to positively regulate LFA‐1 avidity and T cell–APC conjugate formation
(Katagiri et al., 2002). Consistently, disruption of the rap1a gene reduced
Rap1 activation by TCR ligation concomitant with modestly impaired LFA‐1
clustering and adhesion (Duchniewicz et al., 2006). Considerable Rap1 activa-
tion remained in Rap1A‐deficient lymphocytes is likely contributed by Rap1B.
On TCR engagement, Rap1 is activated, altering its localization at the T‐cell–
APC interface (Katagiri et al., 2002) and plasma membrane (Bivona et al.,
2004). Rap1 associates with RAPL and quickly initiates translocation from the
perinuclear region to the peripheral boundaries of the immunological synapse
(Katagiri et al., 2003). Dominant‐negative RAPL inhibits TCR‐induced upre-
gulation of LFA‐1 avidity and T cell–APC conjugate formation. MST1/STK4
isolated as a RAPL‐binding partner is also colocalized at the T cell–APC
interface and is required by TCR‐stimulated adhesion to ICAM‐1 (Katagiri
et al., 2006).

In Jurkat T cells, PLCg‐1 is required for Rap1 activation, suggesting that the
calcium and diacylglycerol (DAG)‐responsive CalDAG‐GEF family of pro-
teins, which include the Rap1 GEFs, are perhaps involved in signaling down-
stream of PLCg‐1 (Katagiri et al., 2004b). The requirement for PLCg‐1 for
Rap1 activation in T cells is in line with studies demonstrating a requirement
for PLCg‐2 in Rap1 activation following B cell receptor ligation (McLeod and
Gold, 2001). Another Rap1 GEF, C3G, may also contribute to TCR‐stimulated
Rap1 activation, particularly in thymocytes (Amsen et al., 2000), anergic T cells
(Boussiotis et al., 1997), and Cbl‐b‐deficient T cells (Zhang et al., 2003).
PLCg‐1 activation is regulated by a complex containing linker for activated
T cells (LAT), the adaptor proteins Gads and SLP‐76, and Itk (Samelson,
2002). Consistent with this, signaling molecules required for TCR‐stimulated
PLC‐g1 activation, such as ZAP‐70, SLP‐76, and Itk, are critical for the
activation of b1 integrins (Kellermann et al., 2002). Vav1 is also involved
in PLC‐g1 activation following TCR stimulation through its association with
SLP‐76 and also activation by Itk (Reynolds et al., 2002), placing Rap1 and
RAPL downstream of Vav1, SLP‐76, and Itk activation. This organization
raises the possibility that defective LFA‐1 activation in Vav1‐deficient cells
may result from insufficient Rap1 activation.
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8.4. PKD1

A serine/threonine kinase PKD1 (PKCm) is shown to form a complex with
Rap1 and plays an important role in b1 integrin activation (Medeiros et al.,
2005). PDK1 is a DAG‐responsive PKC, which is activated by PKC� and a
variety of external stimuli, including TCR (Rozengurt et al., 2005). PDK1
associates with active Rap1, but not inactive Rap1, through a PH domain
of PKD1 (Medeiros et al., 2005). PKD1 further forms a complex with the
b1 integrin subunit, depending on the C‐terminal five amino acids of the b1
subunit that are required in activation‐dependent adhesion (Romzek et al.,
1998). This tertiary complex is formed in Jurkat and primary T cells and
translocated to the plasma membrane on stimulation with phorbol ester
PMA and TCR ligation (Medeiros et al., 2005). Furthermore, PKD1 associates
with C3G, suggesting that PKD1 acts upstream of Rap1. Surprisingly, Rap1
activation also depends on the b1 integrin expression, as Rap1 activation is
diminished in b1‐deficient Jurkat cells, which is restored by the b1 expression.
Knockdown of PKD1 expression reduces b1 integrin clustering and adhesion
to fibronectin. A mutant PKD1 lacking the PH domain (PKD1DPH) also
decreases adhesion to fibronectin as well as Rap1 activation and membrane
translocation, presumably through an abortive complex formation with the
b1 integrin and C3G. The kinase activity of PKD1DPH is not required for
the inhibitory effects. Collectively, these results support the notion that PKD1
acts as an adaptor to localize Rap1 activation to b1 integrin (Medeiros et al.,
2005). It is also reported that PKD1 associates with avb3 integrin by binding to
the b3 integrin C‐terminus, and thereby promotes recycling of avb3 to newly
forming focal adhesion, suggesting a regulatory role of PDK1 in vesicle trans-
port of integrins (Woods et al., 2004). This is in agreement with a proposed
function of the Rap1/RAPL/Mst1 signaling in polarized LFA‐1 transport to the
leading edge (Katagiri et al., 2006) and could be also involved in PDK1
regulation of b1 integrins.

8.5. Adhesion and Degranulation Adaptor Protein

Unexpected effects of adhesion and degranulation adaptor protein (ADAP;
Fyb/SLAP‐130) gene targeting on LFA‐1 activation indicate that it is an
important inside‐out signaling molecule. ADAP‐deficient lymphocytes exhibit
impaired TCR‐triggered b1 and b2 integrin‐dependent adhesion, defective
interleukin‐2 production, and decreased proliferation, despite normal calcium
flux and MAP kinase activation (Griffiths et al., 2001; Peterson, 2003). ADAP
does not appear to be involved in chemokine‐stimulated integrin activation.
ADAP is a hematopoietic adaptor protein, which associates with SLP‐76 on
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TCR engagement, although it can also associate with the Fyn, the Ena/VASP
family of actin regulators and SKAP‐55 (Peterson, 2003). ADAP deficiency
impairs TCR‐stimulated LFA‐1 clustering, but does not affect TCR clustering
itself or assembly of the actin cytoskeleton (Griffiths et al., 2001; Peterson
et al., 2001). ADAP colocalizes with LFA‐1 in IS (Wang et al., 2004). Its
association with SLP‐76 appears to be crucial for its function in LFA‐1 activa-
tion. SKAP‐55 is involved in LFA‐1 activation downstream of ADAP (Wang
et al., 2003). Disruption of ADAP and SKAP‐55 complex results in displace-
ment of Rap1 from the plasma membrane without influencing its GTPase
activity. Thus, ADAP/SKAP‐55 complex may control targeting of activated
Rap1 to the membrane (Kliche et al., 2006). This result is consistent with
the study reporting that the localization of active Rap1‐GTP at the plasma
membrane is critical for Rap1‐dependent integrin regulation in T cells (Bivona
et al., 2004).

9. Concluding Remarks

Recent progress prompts us to think dynamic lymphocyte trafficking in terms
of a spectrum of conformational states of integrins. Structural studies support a
unifying model of global conformational changes from the bent to the
extended‐closed to the extended‐open on activation of integrins, and further
suggest that extended conformations by separation of the leg and cytoplasmic
domains triggered by inside‐out signals transmit allostery to activate the
ligand‐binding I domain. Lymphocyte integrins are also regulated spatially,
which is often coupled with affinity modulation, during the processes of cell
polarization, migration, and IS formations. A wide variety of intracellular
molecules involved in integrin‐mediated adhesion are now identified by ge-
netic approaches and characterized at cellular and organismic levels but needs
further studies to clarify their regulatory mechanisms at molecular levels. The
better appreciation of physiological relevance of each state of conformation
and valency regulation should be required to dissect integrin regulation that
occurs in from rolling through firm adhesion to transendothelial and interstitial
migration and interactions with APC. It is important to elucidate what and how
intracellular signaling processes coordinately regulate conformation and spa-
tial regulation of integrins to translate external stimulation into dynamic adhe-
sive responses. The answers to these questions will shed light on crucial roles
of integrin regulation in immunological surveillance and antigen response.
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Spatiotemporal regulation of the kinase Mst1 by
binding protein RAPL is critical for lymphocyte polarity
and adhesion

Koko Katagiri1, Masashi Imamura2 & Tatsuo Kinashi1

RAPL, a protein that binds the small GTPase Rap1, is required for efficient immune cell trafficking. Here we have identified the

kinase Mst1 as a critical effector of RAPL. RAPL regulated the localization and kinase activity of Mst1. ‘Knockdown’ of the gene

encoding Mst1 demonstrated its requirement for the induction of both a polarized morphology and integrin LFA-1 clustering

and adhesion triggered by chemokines and T cell receptor ligation. RAPL and Mst1 localized to vesicular compartments and

dynamically translocated with LFA-1 to the leading edge upon Rap1 activation, suggesting a regulatory function for the RAPL-

Mst1 complex in intracellular transport of LFA-1. Our study demonstrates a previously unknown function for Mst1 of relaying the

Rap1-RAPL signal to induce cell polarity and adhesion of lymphocytes.

The immune system requires considerable trafficking ability of
immune cells; lymphocytes recirculate in the blood and peripheral
lymphoid tissues, searching for foreign antigens carried by migrating
antigen-presenting dendritic cells. Dynamic modulation of integrin
adhesive function is critical during such trafficking1,2. After stimulation
with chemokines or antigens, lymphocyte integrin adhesion is tran-
siently upregulated with little change in surface expression. The
intracellular signaling triggered after stimulation that mediates this
change, called ‘inside-out signaling’, is ultimately thought to control
integrin conformation3 and surface distribution4,5. Cellular and genetic
studies have shown that immune cell adhesion mediated by b1 and b2
integrins is modulated by protein and lipid kinases, small GTPases of
the Ras and Rho families, and their regulators and adaptor proteins6,7.
Integrin-mediated attachment facilitates lymphocyte transendothe-

lial and interstitial migration. Cell migration is a coordinated process:
asymmetrical cell morphology develops, forming a protrusion and
uropod, and new adhesion sites form at the leading edge and detach at
the rear, pulling the cell body in the direction of cell migration8,9. Cell
polarization and regulated adhesion are induced by extrinsic and
intrinsic cues, which prompt cytoskeletal reorganization and vesicle
transport, including endocytosis and recycling of integrins10–14.
Understanding of the molecular network that orchestrates activation
of integrin and cell migration, however, remains incomplete.
The small GTPase Rap1 is an important inside-out signal in

controlling cell adhesion through modulating the affinity and/or spatial
organization of integrins15. Stimulation with chemokines or antigen
stimulation through the T cell antigen receptor (TCR) activates Rap1,
which is required for transmigration of lymphocytes through endo-

thelial cells under flow and immunological synapse formation with
antigen-presenting cells16,17. Rap1 activation has been found to be
defective in human leukocyte adhesion deficiency18. Rap1A-deficient
T cells and B cells show impaired b1 and b2 integrin clustering and
adhesion19. Those studies support the idea that Rap1 is a crucial inside-
out signaling molecule in vivo. RAPL is a Rap1-binding effector protein
that mediates Rap1-dependent affinity and spatial distribution of the
integrin LFA-1 (ref. 20). Lymphoid tissues are enriched for RAPL20 and
Nore1, an alternatively spliced product of the gene encoding RAPL
(Rassf5). Targeted deletion of the locus encoding RAPL has demon-
strated defective adhesion and migration of lymphocytes and dendritic
cells22. After Rap1 activation, RAPL forms a complex with LFA-1 and
relocates to the leading edge and also accumulates at immunological
synapses. A patch-like distribution of LFA-1 at the leading edge is
critical for triggering adhesion and motility20. Rap1- and RAPL-
triggered changes in integrin spatial distribution in concert with the
induction of cell polarity result in robust cell motility.
To explore further the molecular mechanisms by which Rap1 and

RAPL regulate integrin functions and cell polarity, we have used yeast
two-hybrid screening for RAPL-associated molecules with an activated
RAPL mutant protein as the ‘bait’. This analysis identified the kinase
Mst1 as a ‘downstream’ effector molecule of RAPL. In drosophila, the
Mst ortholog Hipo has many crucial functions in the regulation of cell
growth and apoptosis23. In mammals, Mst1 is also associated with
apoptosis, although its physiological function remains unclear24. Here
we demonstrate a previously unknown function for Mst1 in the
regulation of lymphocyte polarization and adhesion ‘downstream’ of
Rap1 and RAPL.
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RESULTS

Association of RAPL with MST1

Using an activated RAPL mutant as the bait,
we isolated cDNA encoding human MST1 or
MST2 by yeast two-hybrid screening and did
RT-PCR of a human leukocyte cDNA library
using activated RAPL mutant as the bait. We
determined that MST2 protein was barely
detectable in lymphocytes, so we focused on
MST1 in subsequent analyses. To confirm the
association of RAPL with MST1, we trans-
fected COS cells with Myc-tagged RAPL and
V5-tagged MST1 and examined their associa-
tion by immunoprecipitation (Fig. 1a). MST1
and RAPL could be immunoprecipitated
together using antibody to V5 (anti-V5) or
anti-Myc. Deletion of the C-terminal region of
RAPL abolished its association with MST1 but
deletion of the N-terminal region of RAPL did
not (Fig. 1a). MST1 has an N-terminal kinase
domain followed by a C-terminal regulatory
region. A truncated MST1 mutant lacking the
C-terminal regulatory region lost the ability to
associate with RAPL. A fusion protein of
glutathione S-transferase (GST) and the
RAPL coiled-coil domain precipitated wild-
type MST1 but not the MST1 mutant lacking
the C-terminal regulatory region (Fig. 1b).
These results indicate that the coiled-coil
region of RAPL associates with the MST1
regulatory domain.
We then examined if endogenous RAPL

and mouse Mst1 could be immunoprecipi-
tated together using anti-Mst1 (Fig. 1c, left)
or anti-RAPL (Fig. 1c, right) in the mouse
pro–B cell line BAF stably expressing a
constitutively active mutant form of Rap1
(Rap1V12) or vector alone (as a control).
RAPL and Mst1 were associated each other in the absence of
exogenous stimuli. That association increased in the presence of
Rap1V12. As the amount of RAPL and Mst1 protein in Rap1V12-
expressing cells was similar to that in the control cells, these results
indicate that active Rap1 promotes the association of RAPL and Mst1.

Activation and subcellular localization of Mst1 by RAPL

We next examined the activation of Mst1 by Rap1 and RAPL. Using
an ‘anti-phosphopeptide’ antibody to p20-activated kinase (PAK) that
cross-reacts with phosphorylated active Mst1 (refs. 25,26), we exam-
ined the effect of Rap1 and RAPL on Mst1 phosphorylation in BAF
cells (Fig. 2a). Although Mst1 was basally phosphorylated in BAF cells,
phosphorylation was augmented after overexpression of Rap1V12 and
RAPL; the phosphorylation of PAK was not substantially changed
(Fig. 2a). Consistent with those results, in vitro immune complex
kinase assays using anti-Mst1 showed that the kinase activity against
myelin basic protein (MBP) as a substrate was increased by Rap1V12
and RAPL; this increase was accompanied by autophosphorylation of
a protein corresponding to the size of Mst1 (Fig. 2b, left). To confirm
that the increased kinase activity was derived from Mst1 but not
associated kinases, we stably introduced V5-tagged wild-type MST1
and kinase-inactive (K59R) MST1 into Rap1V12-expressing BAF cells
and did an immune complex kinase assay. Wild-type MST1 precipi-

tated with anti-V5 increased the phosphorylation of MBP, accompa-
nied by autophosphorylation of V5-MST1, whereas immunoprecipi-
tated kinase-inactive mutant poorly phosphorylated MBP (Fig. 2b,
right). These results indicated that MST1 itself was mostly responsible
for the increased kinase activity. Because MST1 can form dimers, the
residual kinase activity could have been due to endogenous Mst1
associated with the kinase-inactive mutant27. These results collectively
indicate that Rap1 and RAPL can activate Mst1.
As Rap1 is activated by treatment with chemokines or by TCR

crosslinking, we investigated if Mst1 activation occurred in those
conditions. We also determined whether Mst1 activation required
RAPL using T cells derived from RAPL-deficient mice. In wild-type
T cells, we detected phosphorylated Mst1 in unstimulated cells, but
phosphorylated Mst1 was transiently upregulated in the 5–10 min
after stimulation by TCR crosslinking or treatment with the chemo-
kine CCL21 (Fig. 2c). There was also an increase in PAK phosphor-
ylation along a similar time course. In contrast, Mst1 phosphorylation
was undetectable or was substantially reduced in RAPL-deficient
T cells, even after stimulation with CCL21 or TCR crosslinking
(Fig. 2c). Mst1 expression was similar in wild-type and RAPL-
deficient T cells. The increase in PAK phosphorylation was unaffected
by RAPL deficiency. These results indicate that RAPL is required for
Mst1 activation in lymphocytes.
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Figure 1 Association of RAPL and MST1. (a) Immunoprecipitation (IP) of RAPL and MST1. COS cells

were transfected with Myc-tagged RAPL constructs (Myc-RAPL: wild-type (WT) or deletion mutants

lacking the coiled-coil region (DC) or the N-terminal region (DN)), together with V5-tagged MST1

constructs (V5-MST1: wild-type (WT), a deletion mutant lacking the regulatory region (DC) or empty

vector (–)). Cell lysates were immunoprecipitated with anti-V5 or anti-Myc followed by immunoblot with
anti-Myc (top left blot) or anti-V5 (bottom left blot). Input amounts, top right blot (RAPL) and bottom

right blot (MST1). RBD (top diagram), Ras binding domain. (b) Association of the coiled-coil domain

of RAPL with MST1. A fusion protein of GST and the coiled-coil domain of RAPL (G-C) was used to

precipitate V5-tagged MST1 (WT and DC). Bound proteins were eluted with glutathione and were

analyzed by immunoblot with anti-V5. G, GST alone. (c) Augmentation of the Mst1-RAPL association by

active Rap1 (Rap1V12). Endogenous RAPL and Mst1 were immunoprecipitated with anti-Mst (left) or

anti-RAPL (right) from BAF cells transfected with vector alone or with Rap1V12; proteins isolated were

analyzed by sequential immunoblot with anti-RAPL or anti-Mst, respectively. Ig, rabbit serum (right)

and rat IgG (left; controls). Data are representative of two (b) or three (a,c) independent experiments.
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Those results prompted us to investigate the subcellular localization
of Mst1. Mst1 was localized in perinuclear regions in close proximity
to the Golgi complex in primary T cells (Fig. 2d and Supplementary
Fig. 1 online). When stimulated with CCL21, T cells were transformed
into polarized cells with a leading edge and uropod, and Mst1 was
redistributed to the leading edge, dissociated from the Golgi complex
(Fig. 2d and Supplementary Fig. 1). RAPL and Mst1 localized
together in unstimulated T cells and also at the leading edge in
CCL21-stimulated T cells (Fig. 2e). In contrast, Mst1 was distributed
diffusely throughout both the cytoplasm and the nucleus in
RAPL-deficient T cells. Chemokine-stimulated RAPL-deficient
T cells showed defective cell polarization, maintaining a round,
nonpolarized morphology, as reported before22; Mst1 remained
diffusely distributed (Fig. 2e). These results demonstrate that RAPL
is indispensable for Mst1 activation and maintenance of subcellular
localization in T cells in both basal and stimulated states.

Upregulation of LFA-1-dependent adhesion by Mst1

To test the stimulation of adhesion by Mst1, we stably transfected BAF
cells expressing human LFA-1 (BAF–LFA-1 cells)28 with the gene
encoding MST1 (STK4) and assessed their adhesion to intercellular
adhesion molecule 1 (ICAM-1). Initially, BAF–LFA-1 cells were not
adherent, but they adhered to ICAM-1 after stimulation with phorbol-
12-myristate-13-acetate (PMA), a potent activator of integrins
(Fig. 3a). When MST1 was overexpressed in BAF–LFA-1 cells,
adhesion to ICAM-1 in unstimulated BAF–LFA-1 transfectants was
augmented in a way that correlated with MST1 expression (Fig. 3a).
Cells overexpressing MST1 showed cell spreading on ICAM-1

(Fig. 3b). Both a truncated MST1 mutant lacking the C-terminal
regulatory region (MST1 amino acids 1–326) and a kinase-inactive
(K59R) MST1 mutant failed to stimulated adhesion, although they
responded to PMA in the same way as wild-type cells (Fig. 3a). MST1
also stimulated adhesion to ICAM-1 and augmented TCR-induced
adhesion after being introduced into the mouse T cell hybridoma 3A9
(Fig. 3c). Whereas the MST1 mutant with C-terminal truncation did
not affect the basal or TCR-stimulated adhesion, the kinase-inactive
(K59R) MST1 mutant inhibited TCR-stimulated adhesion, indicating
that the kinase-inactive mutant acted as a dominant negative
protein. These results collectively indicate that MST1 can activate
LFA-1 in a way requiring the kinase activity and C-terminal regulatory
region of MST1.
We next examined whether MST1 could affect LFA-1 clustering and

affinity. In control BAF–LFA-1 cells, LFA-1 was uniformly distributed
over the plasma membrane (Fig. 3d). In contrast, overexpression of
MST1 induced patch-like LFA-1 clustering, accompanied by morpho-
logical changes similar to those seen in lymphocyte polarization.
To quantify LFA-1 clustering, we measured the relative intensity of
surface LFA-1 along the front-to-back and side-to-side lines in z-stack
images obtained by confocal microscopy. There were increases of up to
tenfold in LFA-1 intensity on the front membrane compared with the
peak value of intensity on the side and rear (Fig. 3e and Supplemen-
tary Fig. 2 online). Although Rap1 and RAPL increase the ligand-
binding affinity of LFA-1 (refs. 20,28), we did not detect affinity
changes in MST1-overexpressing BAF cells using a soluble ICAM-1–Fc
chimera for the measurements (Supplementary Fig. 3 online). We
also did not detect Mst1 immunoprecipitated together with LFA-1
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Figure 2 Mst1 activation by RAPL and Rap1. (a) Phosphorylation (p-) of endogenous Mst1 and PAK in BAF cells transfected with RAPL, Rap1V12 or a

vector control, examined with anti–phosphorylated PAK that cross-reacts with phosphorylated Mst1 and Mst2. Below, expression of Mst1, Rap1V12 and

RAPL. (b) In vitro kinase assay. Endogenous Mst1 was immunoprecipitated from BAF cells transfected with vector alone, Rap1V12 or RAPL. V5-tagged

wild-type (WT) or kinase-inactive (K59R) MST1 was introduced into BAF cells expressing Rap1V12, followed by immunoprecipitation with anti-V5.

Immune complex kinase assays with [g-32P]ATP and myelin basic protein (MBP) detect Mst1 autophosphorylation and MBP phosphorylation. Bottom blots,

endogenous Mst1. (c) Activation of Mst1 in T lymphocytes from wild-type and RAPL-deficient mice. T cells were stimulated with anti-CD3 (TCR) or CCL21

(times, above lanes) and phosphorylation of Mst1 was assessed by immunoblot of cell lysates as described in a. Bottom blots, total Mst1. (d) Localization

of Mst1 in mouse T cells in the presence (CCL21) or absence (None) of CCL21 stimulation, detected by immunostaining for Mst1 (blue). Bodipy-ceramide,
BCECF and Hoechst 33342 dyes stain the Golgi complex (red), cytosol and nucleus (green), and nucleus (light blue), respectively. (e) Localization of Mst1

and RAPL in wild-type and RAPL-deficient T cells in the presence (CCL21) or absence (None) of CCL21 stimulation, detected by immunostaining for Mst1

(yellow) and RAPL (red); DAPI counterstaining (4,6-diamidino-2-phenylindole ; blue) indicates nuclei. DIC, differential interference contrast.

Scale bars (d,e), 5 mm. All data are representative of three or four independent experiments.
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(Supplementary Fig. 3), suggesting that Mst1 does not directly
associate with LFA-1.

Mst1 ‘knockdown’ inhibits cell polarization and adhesion

Next we examined the requirement for Mst1 in cell polarization and
adhesion by a gene ‘knockdown’ approach using small RNA–mediated
interference technology. We tested several 21-nucleotide oligonucleo-
tides specific for Stk4 for gene-silencing efficiency after transient
introduction into NIH 3T3 cells (data not shown). We then expressed
the most efficient sequence in BAF–LFA-1 cells as short hairpin RNA
(Stk4 iRNA). We expressed a scrambled sequence in a similar way as a
control (scrambled iRNA). We established stable ‘knockdown’ trans-
fectants (BAF–LFA-1–Stk4 iRNA cells) and control transfectants (BAF-
LFA-1–scrambled iRNA cells) and assessed their Mst1 expression.
Mst1 protein in BAF–LFA-1–Stk4 iRNA cells was reduced to approxi-
mately 20% that in the parental BAF–LFA-1 cells and control BAF–
LFA-1-scrambled iRNA cells (Fig. 4a, left). We investigated if deple-
tion of Mst1 by iRNA could inhibit the cell polarization and adhesion
induced by chemokines, a process that requires Rap1 and RAPL22.
Mst1 depletion did not affect expression of LFA-1 or the chemokine
receptor CXCR4 or CXCL12-stimulated Rap1 activation (data not
shown). After stimulation with CXCL12, approximately 40% of both
the parental BAF–LFA-1 cells and control BAF–LFA-1–scrambled iRNA
cells had distinctive morphologies, with a leading edge, to which
CXCR4 and LFA-1 localized, and a uropod, to which the uropod
marker CD44 localized (Fig. 4b,c). In contrast, BAF–LFA-1–Stk4 iRNA
cells developed a polarized cell shapes only poorly when stimulated
with CXCL12. Most cells remained round, retaining diffuse distribution
of LFA-1, CXCR4 and CD44 (Fig. 4b,c). Rap1V12 expression in

parental BAF–LFA-1 cells induced cell polarization at higher frequen-
cies (60–70%) than in BAF cells expressing vector only, whereas Mst1
‘knockdown’ also substantially reduced the number of polarized cells
after Rap1V12 introduction (Fig. 4a, right, and c). Furthermore, the
ability of BAF–LFA-1 cells to adhere to ICAM-1 in response to CXCL12
treatment or Rap1V12 exogenous expression was greatly diminished by
Mst1 depletion, whereas that of control scrambled iRNA cells was
similar to that of parental cells (Fig. 4d). This result indicates that Mst1
is critical for cell polarization, LFA-1 redistribution, and adhesion
induced by Rap1V12 and CXCL12, at least in BAF cells.
As Mst1 seemed to accumulate at the leading edge in lymphocytes

stimulated with CCL21 (Fig. 2), we examined the spatial relationship
of MST1 and LFA-1. For this, we introduced a limited amount of
MST1 fused with monomeric red fluorescent protein 1 (MST1-mRFP)
into BAF–LFA-1 cells. MST1-mRFP was distributed as patch-like
clusters in close proximity to LFA-1 patches in CXCL12-stimulated
BAF–LFA-1 cells (Fig. 4e). Confocal microscopy of z-stack images
showed that the MST1-mRFP intensity was approximately fourfold
higher at the front area than at the rear (Fig. 4f), which was in parallel
with the LFA-1 intensity with a high colocalization value (r ¼ 0.91) at
the front (Fig. 4f and Supplementary Fig. 4 online).
To determine the requirement for Mst1 in TCR-triggered adhesion,

we depleted hen egg lysozyme (HEL)–specific 3A9 T cells of Mst1 by
stably introducing Stk4-specific iRNA. We transfected control cells
with a scrambled iRNA sequence. Mst1 protein abundance was
reduced to approximately 15% that of parental or control cells
(Fig. 5a). Depletion of Mst1 had little effect on the interleukin 2
(IL-2) production induced by TCR crosslinking, suggesting that Mst1
is not involved in the control of IL-2 production (Fig. 5b). When we
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Figure 3 MST1 induces cell adhesion to ICAM-1. (a) Adhesion of BAF–LFA-1

clones to ICAM-1 in the presence (PMA) or absence (None) of PMA; clones
overexpress V5-tagged MST1 constructs: WT (clones 4, 17 and 14) or DC or

kinase-inactive (K59R). Bottom, immunoblot (IB) of MST1 expression. Data

represent mean and s.e.m. of triplicate experiments. (b) Live-cell imaging of

BAF–LFA-1 cells expressing MST1-Venus, obtained after incubation on an

ICAM-1-coated surface. Arrowheads indicate cells overexpressing MST1-Venus

(green), demonstrating cell spreading (DIC). Scale bar, 5 mm. (c) Adhesion

of 3A9 T cells to ICAM-1 in the presence (TCR) or absence (None) of TCR

crosslinking; cells were transfected with vector alone or with V5-tagged MST1

constructs: WT, DC or kinase-inactive (K59R). Right, immunoblot of MST1

expression. Data represent mean and s.e.m. of triplicate experiments. (d) LFA-1

clustering in BAF–LFA-1 cells overexpressing wild-type MST1 or vector alone;

cells were fixed in suspension and were stained with anti-aL (TS2/4) and anti-

mouse IgG conjugated to Alexa Fluor 633. Confocal images with maximum

LFA-1 intensity are presented. *, cell analyzed further in e. Scale bar, 5 mm.

Data are representative of three independent experiments. (e) LFA-1 intensity

of z-stack confocal images of the cell (*) in d. Top, relative distance of focal

planes between images. Line profiles of LFA-1 intensity are generated along the

front-to-back lines (line 1) and side-to-side lines (line 2). Line profiles are from
the origin to the arrowhead of the lines. Original magnification, �630.
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stimulated 3A9 T cells by TCR crosslinking, both the parental
and control cells showed a 2.5- to threefold increase in adhesion to
ICAM-1. In contrast, Mst1-depleted 3A9 cells adhered poorly to
ICAM-1, even after stimulation by TCR crosslinking (Fig. 5c). Expres-
sion of LFA-1 and TCR was similar in Mst1-depleted 3A9 T cells and
in parental and control cells (data not shown). Thus, Mst1 is also
crucial in TCR-stimulated adhesion mediated by LFA-1.
Upregulation of LFA-1 adhesive activity is a prerequisite for the

formation of an immunological synapse between a T cell and an
antigen-presenting cell (APC). To examine the function of Mst1 in this
process, we did conjugation assays using 3A9 T cells with Stk4
expression ‘knocked down’. Wild-type 3A9 T cells conjugated with
CH27, a mouse B cell lymphoma used as APCs, in the presence of
HEL antigen in an LFA-1–ICAM-1–dependent way17 (Fig. 5d). In
contrast, Mst1-depleted 3A9 T cells interacted poorly with HEL
antigen–loaded APCs (Fig. 5d), indicating that Mst1 expression is
required for conjugation with APCs. In agreement with its proposed
function in immunological synapse formation, endogenous Mst1
accumulated in the contact zone, and overlapped with fusion proteins
of b2 integrin and mRFP (b2-mRFP) and RAPL with the variant
yellow fluorescent protein Venus (RAPL-Venus; Fig. 5e and Supple-
mentary Fig. 5 online).
We also attempted to examine the importance of Mst1 in primary

lymphocytes. We used a lentivirus vector containing iRNA constructs
under control of the promoter of the gene encoding H1 RNA
polymerase III and green fluorescent protein (GFP) as a reporter.
We cultured primary T cells for 2 d with anti-CD3 and anti-CD28 in
the presence of vesicular stomatitis virus glycoprotein–pseudotyped

viral particles, then cultured the cells for an additional 24 h without
stimulation before ‘sorting out’ the GFPhi infected cells. In GFPhi

T cells, Mst1 was reduced to 15% that of control cells on a ‘per-cell’
basis (Fig. 6a,b). We next examined cellular adhesion to ICAM-1 in
response to chemokine stimulation or TCR crosslinking. Control
T cells showed a threefold increased in adhesion to ICAM-1, whereas
Mst1-depleted T cells did not show a substantial increase in adhesion
in response to CCL21 (Fig. 6c). Mst1-depleted T cells adhered poorly
to ICAM-1 after TCR crosslinking, whereas control T cells strongly
attached to ICAM-1 (Fig. 6d). As there were no changes in the surface
abundance of LFA-1, CCR7 or CD3 in wild-type or Mst1-depleted
T cells (data not shown), these results indicate that Mst1 is indis-
pensable in the adhesive responses of normal T cells to chemokines
and TCR crosslinking.

Rapid intracellular trafficking of Mst1 and RAPL

The redistribution of RAPL and Mst1 to the leading edge and contact
zone with APCs, where LFA-1 also accumulated, suggested their
involvement in the intracellular trafficking of LFA-1. Mst1 was present
mainly in particulate fractions, with a small quantity in the cytosol
(Fig. 7a). Rap1, RAPL and b2 integrin were present only in particulate
fractions (Fig. 7a). Subcellular fractionation by continuous sucrose
density gradient centrifugation showed that RAPL and Mst1 fractio-
nated together exclusively in light fractions (fractions 2 and 3), which
contained early (EEA1and Rab5) and late (Rab11) endosomal marker
proteins, but lacked b-COP and transferrin receptor, indicative of the
Golgi-derived vesicles and recycling endosomes, respectively (Fig. 7b).
We also detected both Rap1 and LFA-1 in those fractions, as well as in
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Figure 4 Mst1 ‘knockdown’ abrogates cell

polarization and adhesion. (a) Immunoblot of

Mst1 expression by parental cells (Parent) or

by BAF–LFA-1 cells (left) or BAF–LFA-1 cells

transfected with T7-tagged Rap1V12 (right) after

the introduction of Stk4-specific iRNA (iRNA

Stk4) or control, scrambled iRNA sequence

(Scramble). Tubulin, loading control. (b) Cell
polarization of BAF–LFA-1 cells containing

Stk4-specific or control, scrambled iRNA, after

stimulation with 100 nM CXCL12. Left, DIC

and fluorescence images of the distribution of

CD44 (red) and CXCR4 (green). Bottom, surface

distribution of LFA-1. Scale bars, 5 mm. (c,d)

Frequency of cell polarization (c) and adhesion

to ICAM-1 (d) of BAF–LFA-1 cells containing

Stk4-specific or control, scrambled iRNA

or of parental cells, in the absence (None) or

presence of CXCL12 stimulation or Rap1V12

expression. Data represent mean and s.e.m.

of three independent experiments. (e) Distribution

of LFA-1 and MST1 in BAF–LFA-1 cells

expressing MST1-mRFP, incubated in the

presence of CXCL12, fixed in suspension and

stained with anti-aL (TS2/4) and Alexa Fluor

633–conjugated anti-mouse IgG. *, cell

analyzed further in f. Scale bar, 5 mm.
(f) MST1-mRFP intensity (left) and LFA-1

intensity (right) of z-stack confocal images of the

cell (*) in e. Top, relative distance of focal planes

between images. Line profiles drawn along

lines 1 and 2 are presented as described in

Figure 3. All data are representative of three

or four independent experiments.
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heavier fractions such as the plasma membrane and the Golgi
complex. Immunoelectron microscopic studies demonstrated the
presence of RAPL in vesicular structures (Fig. 7c and Supplementary
Fig. 6 online). Although we did not successfully detect Mst1 by
microscopy using antibodies now available, this result suggests that
Mst1 and RAPL exist in the same vesicular compartment that also
contains Rap1 and LFA-1.
To monitor translocation of Mst1 and RAPL to the membrane,

we introduced MST1-mRFP and RAPL-Venus, respectively, into
BAF–LFA-1 cells. We then used confocal microscopy to examine the
redistribution of these proteins in live cells after stimulation with
CXCL12. Cells adopted a polarized phenotype after stimulation
(Fig. 8a). In a series of time-lapse images in the same focal plane,
the intensity of MST1-mRFP at the ruffling leading edge area was
increased within 30 s, with a reciprocal decrease of that in the cell body
and uropod, while the nucleus was maintained at the same position
(Fig. 8a and Supplementary Fig. 7 online). MST1-mRFP and RAPL-
Venus localized together, quickly translocating to the membrane
protrusion with a similar time course (Fig. 8b and Supplementary
Fig 7). The movement of MST1-mRFP and RAPL-Venus coincided
with development of the leading edge. Control mRFP and Venus alone
had diffuse distribution in both nonpolarized and polarized cells
(Supplementary Fig. 7). Notably, a portion of the MST1-mRFP and
RAPL-Venus proteins often showed a tubular distribution stretching
toward the leading edge, especially at the early time points during the
development of the leading edge (Fig. 8c and Supplementary Fig. 8
online). Colocalization analysis of immunostaining of fixed cells
showed that those tubules tended to be lined along microtubules
targeted to the leading edge region (Fig. 8d and Table 1). These data
suggest that RAPL and Mst1 translocate along microtubules.

To examine redistribution of LFA-1, we introduced both subunits of
aL and b2-mRFP in BAF cells. Exogenous b2-mRFP was located
perinuclearly in the cytoplasm as well as on the cell surface,
as detected by confocal microscopy using anti-b2 (Supplementary
Fig. 9 online) and by flow cytometry (data not shown). These proteins
were functionally active in mediating adhesion to ICAM-1 after
CXCL12 stimulation and clustered at the leading edge membrane, as
is the case with wild-type LFA-1 (Supplementary Fig. 9). After
stimulation with CXCL12, b2-mRFP molecules in the mid-body and
uropod moved quickly toward the cellular protrusion, producing a
patch-like distribution at the leading edge (Fig. 8e). To determine the
spatial relationship between MST1 and LFA-1, we introduced limited
amounts of MST1-Venus into BAF cells expressing aL and b2-mRFP.
MST1-Venus translocated to the leading edge after CXCL12 stimula-
tion with a time course and distribution similar to that of b2-mRFP
(Fig. 8f). These results indicate that Mst1 exists in close proximity to
LFA-1; this protein may be directly involved in the intracellular
transport of LFA-1 to the leading edge, causing clustering at the
front membrane.
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Figure 5 Mst1 ‘knockdown’ abrogates TCR-mediated adhesion and immunological synapse formation.

(a) Immunoblot of Mst1 expression of 3A9 T cells after the introduction of Stk4-specific or control,

scrambled iRNA. Tubulin, loading control. (b) IL-2 production by TCR-stimulated 3A9 T cells containing

Stk4-specific or control, scrambled iRNA. Data represent mean and s.e.m. of three independent experiments.

(c) Adhesion to ICAM-1 of 3A9 T cells containing Stk4-specific or control, scrambled iRNA or parental cells,

in the absence (None) or presence (TCR) of TCR crosslinking. Data represent mean and s.e.m. of three

independent experiments. (d) Formation of conjugates between 3A9 T cells containing Stk4-specific or

control, scrambled iRNA (green) and CH27 B cells (red) loaded with HEL antigen (right) or without HEL
antigen (left). Conjugate formation is measured as the percent of the population in the double-positive ‘windows’ (top right quadrants). Data are

representative of three independent experiments. (e) Immunological synapse formation between 3A9 T cells and CH27 B cells loaded with HEL antigen.

3A9 T cells expressing b2-mRFP (red) and RAPL-Venus (green) are stained with anti-Mst (blue), detected with AlexaFluor 633–conjugated anti-rabbit.

Scale bar, 5 mm. Approximately 30% of the antigen-specific conjugates stained showed this pattern.
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adhesion triggered by CCL21 stimulation and TCR ligation. (a) Flow

cytometry of sorted GFP+ populations of T cells transduced with lentiviruses
encoding Stk4-specific or control, scrambled iRNA. (b) Immunoblot analysis

of Mst1 expression by T cells transduced with Stk4-specific or control,

scrambled iRNA. Actin, loading control. (c,d) Adhesion to ICAM-1 of T cells
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absence (None) of TCR crosslinking (d). Data represent mean and s.e.m. of

three independent experiments.
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DISCUSSION

Here we have identified Mst1 as an important effector of RAPL
functions in cell adhesion and polarization. RAPL bound directly
to Mst1 via its coiled-coil region, modulating Mst1 kinase activity
and subcellular localization. Using lymphocytes derived from
RAPL-deficient mice and ‘knockdown’ of Mst1 expression in wild-
type cells, we have shown that this mechanism was crucial for both
LFA-1 clustering and cell polarization. Thus, Mst1 is a key enzyme
‘translating’ Rap1 and RAPL signaling into the generation of attach-
ment that facilitates immune cell trafficking.
Mst1 is a serine-threonine kinase belonging to a family of kinases

homologous to yeast Ste20 (sterile 20)29,30. In budding yeast, Ste20
serves to link G protein–coupled pheromone receptors to the
mitogen-activated protein kinase pathway controlling cell prolifera-
tion, cell morphology and polarity31. Mammalian Ste20-like kinases
are divided mainly into two subfamilies, PAKs and germinal center
kinases; Mst1 belongs to the latter32. Although PAKs are involved in
many cellular processes, including the control of cell morphology and
motility33, published studies have suggested that Mst1 is involved
mainly in apoptosis. After stimulation of apoptosis, Mst1 is cleaved by
caspase 3, generating a catalytically active kinase fragment34–36. That
fragment in turn phosphorylates histone H2B at serine 14, a hallmark
of apoptotic chromatin37. Nore1, an isoform of RAPL, is reported to
bind Mst1 and promote Kirsten-RasV12-induced apoptosis38.
Although the involvement of Mst1 in apoptosis is well documented,
the physiological necessity of Mst1 for apoptosis, the ‘upstream’
regulatory elements and the functions of intact Mst1 remain to be
clarified. Our results demonstrating the integration of intact Mst1, but
not truncated Mst1, into Rap1-RAPL signaling represent a previously
unknown pathway leading to Mst1 activation that regulates integrin
function. PAK1 regulates cell polarity and the actin cytoskeleton
during chemotaxis Via Cdc42 (ref. 39). Involvement of Mst1 in the

regulation of lymphocyte integrin function may be a unique feature
acquired during the diversification of Ste20 kinases. Our results
suggest that Cdc42-PAK1 and Rap1-RAPL-Mst1 pathways orchestrate
the control of cell polarity, morphology and adhesion triggered by
chemokine stimulation and TCR ligation.
Activated Rap1 promoted association of the coiled-coil region of

RAPL with Mst1, suggesting that binding of Rap1-GTP to RAPL
induces conformational changes in the coiled-coil region that
favor association with Mst1. Rap1-GTP binding stabilizes a conforma-
tion of RAPL exposing the coiled-coil region, which we detected by
surface plasmon resonance using antibodies to a RAPL epitope
(unpublished data). Thus, Rap1 activation by chemokines or TCR
triggering probably stabilizes a RAPL conformer that exposes the
coiled-coil region.
Our results indicated that Rap1 and RAPL activated Mst1 through

direct interactions. In contrast, it has been reported that Nore1
inhibits Mst1 kinase activity40, suggesting differential effects of two
forms of Rassf5 products on Mst1. Thus, the predominant expression
of RAPL in lymphocytes favors Mst1 activation, which is required for
cell adhesion and polarization after Rap1 activation. Mst1 exists as an
autoinhibitory homodimer27. By analogy to Cdc42-induced PAK1
activation41, we hypothesize that stable interactions with RAPL
destabilize the Mst1 homodimer, increasing autophosphorylation
and augmenting Mst1 kinase activity.
Nuclear localization of truncated Mst1 after caspase cleavage has

been reported37,42, but the localization of endogenous Mst1 has not
been studied in detail. We have demonstrated here that RAPL and
Mst1 were located mainly in the perinuclear region in close proximity
to the Golgi complex in resting lymphocytes and lymphoid cell
lines. RAPL deficiency led to the diffuse distribution of Mst1 through-
out the cytoplasm and nucleus and impaired translocation of
Mst1 to the leading edge after activation by chemokines. Those results
indicate that RAPL is critical in the maintenance of the proper
cytoplasmic location of Mst1. Forced overexpression of Mst1, resulting
in diffuse distribution of Mst1 throughout the cytoplasm, could
induce cell adhesion with nonpolarized morphology. Thus, regulated
localization of Mst1 by RAPL is critical for cell polarization and
attachment at the leading edge.
RAPL signaling may regulate lymphocyte adhesion and cell polar-

ization20. RAPL formed a complex with LFA-1 through the aL subunit
cytoplasmic region and modulated both the affinity and distribution
of LFA-1 in concert with cell polarization. We initially proposed
intracellular trafficking of LFA-1 via RAPL as the mechanism under-
lying adhesion. Overexpression or ‘knockdown’ of Mst1 did not
change the affinity of LFA-1 for soluble ICAM-1–Fc, in contrast to
the apparent effect on LFA-1 clustering. Mst1 ‘knockdown’ decreased
the adhesion almost completely, indicating that LFA-1 clustering is
indispensable for Rap1-RAPL–dependent adhesion. We have also
demonstrated the localization of RAPL to small vesicles and its
association with Mst1, supporting the idea that RAPL-Mst1 signaling
is involved in vesicle transport to the leading edge. That mechanism is

a

c

b

C

Mst1

RAPL

Mst1

RAPL

EEA-1

Rab5

Rab11

β-COP

TfR

β2 integrin

β2 integrin

β-actin

Rap1

Rap1

Nucleus

PM

P

Top Bottom
1 2 3 4 5 6 7 8 9 10 11 12

Figure 7 Subcellular distribution of Mst1 and RAPL. (a) Immunoblot

analysis Mst1, RAPL, b2 integrin, Rap1 and b-actin expression in cytosolic

(C) and particulate (P) fractions from primary lymphocytes. (b) Immunoblot

analysis of fractions from primary lymphocytes obtained by subcellular

fractionation using continuous sucrose density gradient centrifugation

(10–40%). Antibodies, left margin. (c) Immunoelectron microscopy

of 3A9 T cells stained with anti-RAPL (E11.2). Control antibody did not

produce staining above background. PM, plasma membrane. Original
magnification, �30,000 (left) and �60,000 (right; enlargement of boxed

areas at left). Data are representative of three independent experiments.
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not unexpected, as Rap1 is located in endocytic and exocytic vesi-
cles43–46. LFA-1 was also present in vesicle fractions and moved from
the perinuclear region to the front membrane. Intracellular localiza-
tion of LFA-1 partially overlapped with that of RAPL and Mst1 in
unstimulated cells. After Rap1 activation, translocation of Mst1, RAPL
and LFA-1 to the leading edge was similar both kinetically and
spatially, suggesting that these proteins are associated with the same
vesicle compartment moving along microtubule tracks destined for
the leading edge. We found biochemical evidence that RAPL asso-
ciated with Mst1 and LFA-1, but we did not detect a complex of Mst1
and LFA-1 by coimmunoprecipitation, suggesting that Mst1 does not
interact with LFA-1 directly. Although it is still possible that Mst1,
RAPL and LFA-1 form a labile ternary complex, it is also conceivable
that the Mst1-RAPL complex has a distinct function in the spatial
regulation of vesicles carrying LFA-1.
The relationship of Rap1-dependent LFA-1-mediated adhesion with

vesicle transport has been demonstrated in experiments using a

dominant negative mutant of Rab11 binding protein47. Mst1 might
modulate the activation and effector functions of Rab11 in targeting
and docking vesicles. The ability of RAPL to associate with micro-
tubules48, as seen for other proteins of the family encoded by Rassf5
(ref. 49), facilitates polarized vesicle transport or contributes to the
microtubule reorganization. A likely hypothesis that has emerged is
that Rap1-RAPL-Mst1 signaling may mobilize an intracellular mem-
brane pool that can be recruited for the assembly of specialized plasma
membrane domains, such as a migrating leading edge. Polarized
transport of LFA-1 to the leading edge in this process generates new
attachment points at the migratory front. Thus, signaling coordinates
cell adhesion and migration through vesicle transport. Further char-
acterization of RAPL-Mst1–containing vesicles should assess proteins
and lipids contained in this membrane compartment. In addition to
possible involvement in vesicle transport, Mst1 may also regulate
LFA-1 adhesive activity directly, possibly through phosphorylation of
the cytoplasmic regions50. Additional studies are needed to identify
Mst1 kinase substrates to clarify this issue.
Here we have identified Mst1 as a key participant in the control of

cell polarization and adhesion ‘downstream’ of Rap1 and RAPL
activation triggered by chemokine and antigen stimulation.
We propose polarized vesicle transport as the critical point of this
signaling pathway. Our experimental system has provided useful tools
for delineating this process. The involvement of Mst1 in apoptosis and
growth, and now also as a regulator of lymphocyte adhesion, indicates
the possibility that adhesive events may be tightly linked to growth
control. Elucidation of Rap1-RAPL-Mst1 functions will provide new
insights into the control of cell adhesion and migration.

Table 1 Colocalization assay

Area r

1 0.59

2 0.75

3 0.23

4 0.10

Data are Pearson’s correlation coefficient (Rr) of the colocalization of tubulin and MST1-
mRFP signals in areas 1–4 of the image in Figure 8d.

Figure 8 Rapid intracellular translocation of

MST1, RAPL and LFA-1. (a) Translocation of

MST1-mRFP in BAF–LFA-1 cells on ICAM-1-

coated surfaces after stimulation with 100 nM

CXCL12. Loading of cells with Hoechst 33342

indicates nuclei. Time zero (0) represents the

first time-lapse image; subsequent images were

obtained on the same focal plane (time points,
above images). DIC images are overlaid with

MST1-mRFP images; merged images are

of MST1-mRFP and Hoechst 33342.

(b) Translocation of MST1-mRFP and RAPL-

Venus in BAF–LFA-1 cells incubated on ICAM-1-

coated surfaces in the presence of CXCL12,

assessed as described in a. (c) Immunostaining

for tubulin in CXCL12-stimulated BAF–LFA-1

cells expressing MST1-mRFP and RAPL-Venus.

Images were obtained in different focal planes.

DIC images are overlaid with MST-1-mRFP and

RAPL-Venus images. (d) Colocalization analysis.

Pearson’s correlation coefficient (r) of the

colocalization of signals between tubulin and

MST1-mRFP in areas 1–4 of the first z-stack

image in c is in Table 1. The highest coefficient

is in area 2, in which microtubule ‘cables’

emanate toward the leading edge. Pearson’s

coefficient between MST1-mRFP and a
randomized pixel image of tubulin is 0.002.

Bottom, line profiles of MST1-mRFP (red) and

tubulin (blue) along the arrow. (e) Translocation

of b2-mRFP on ICAM-1-coated surfaces after

stimulation with CXCL12, assessed as described

in a. Loading of BAF cells expressing both aL and b2-mRFP with Hoechst 33342 indicates nuclei. DIC images are overlaid with b2-mRFP images; merged

images are of Hoechst 33342 and b2-mRFP. (f) Intracellular translocation of b2-mRFP and MST1-Venus in BAF cells expressing both aL and b2-mRFP and

MST1-Venus, incubated on ICAM-1-coated surface in the presence of CXCL12, assessed as described in a. DIC images are overlaid with b2-mRFP and

Mst1-Venus images. Scale bars (a–c,e,f), 5 mm. Original magnification, �630 (d). All data are representative of four or five independent experiments.
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METHODS
Yeast two-hybrid screening and DNA constructs. An activated form of RAPL

(M4) was generated by the introduction of substitution of alanine by lysine

residues at positions 123, 135, 154 and 155, by arginine at position 124, by

aspartic acid at position 160, and by asparagine at position 161. A human cDNA

library (Clontech) was screened using the M4 mutant as bait, according to the

manufacturer’s instructions. The screen identified cDNA containing partial

sequences of STK4 and STK3. Full-length STK4 cDNA was isolated by RT-PCR

using primers designed from the published sequence. A cDNA construct

encoding full-length MST1 plus the N-terminal V5 epitope tag was subcloned

into pcDNA3 and pcDNA4 vectors (Invitrogen). RAPLDN (amino acids

101–265), RAPLDC (amino acids 1–222), MST1DC (amino acids 1–330) and

kinase-inactive MST1 (K59R) mutants have been described20,27. A cDNA

sequence encoding the coiled-coil domain of RAPL (amino acids 223–265)

was subcloned into pGEX vector (GE Healthcare Bio-Sciences) and was

expressed in Escherichia coli BL21 as a GST fusion protein. Venus and mRFP1

(gifts from A. Miyawaki, RIKEN, Wako, Japan) were fused to the C termini of

RAPL, MST1, aL or b2 integrins by the linker (GGGGS)4. All constructs were

verified by sequencing.

Mice. RAPL-deficient mice were generated from the mouse embryonic stem

cell line TT2 with disruption of the gene encoding RAPL, as reported22, and

were crossed with wild-type C57BL/6 mice for six generations. Mice were

housed in specific pathogen–free conditions and all experiments were in

accordance with protocols approved by the Animal Care and Use Committee

of Kansai Medical University (Osaka, Japan).

Antibodies. Anti-RAPL has been described20. Antibodies to the following were

purchased: Myc (9E10), human aL subunit (TS2/4) and b2 subunit (TS1/18; all
from American Tissue Culture Collection); Mst1/2 (Upstate); V5 (Novagen);

phosphorylated PAK1/2, (Cell Signaling Technology); tubulin, b-actin and

b-COP (all from Sigma); Rab11, mouse b2 subunit, EEA1, mouse aL subunit

and Rap1 (all from BD Transduction Laboratories); Rab5 (Santa Cruz); and

transferrin receptor (Zymed Laboratories). Alexa Fluor 488–conjugated anti-

rabbit and Alexa Fluor 546–conjugated anti-rat were from Molecular Probes.

Immunoprecipitation and immunoblots. COS cells were transfected with

Myc-RAPL and V5-MST1 by electroporation and were collected and lysed with

buffer (1% (volume/volume) Nonidet P-40, 150 mM NaCl, 25 mM Tris-HCl,

pH 7.4, 10% (volume/volume) glycerol, 2 mM MgCl2, 1 mM phenylmethy-

sulfonylfluoride and 0.1 mM aprotinin). Immunoprecipitation and immuno-

blots were done as described20. For precipitation assays using GST proteins,

lysates of COS cells transfected with V5-MST1 were incubated for 2 h with

glutathione Sepharose coupled to GSTor a fusion protein of GSTand the RAPL

coiled-coil domain, followed by washing with lysis buffer. Bound proteins were

eluted with 10 mM glutathione and were analyzed by immunoblot. Lysates

prepared from BAF–LFA-1 cells expressing either T7-tagged-Rap1V12 or Myc-

RAPL were also analyzed by immunoblot. T cells from wild-type and RAPL-

deficient mice were stimulated with 5 mg/ml of anti-CD3 (2C11) or 100 nM

CCL21 (R&D); cell lysates from stimulated cells prepared as described above

were then analyzed by immunoblot.

Kinase assays. Proteins from lysates of BAF–LFA-1 cells transfected with vector

alone, Rap1V12, RAPL, V5-MST1 or the kinase-inactive (K59R) MST1 mutant

were immunoprecipitated with anti-MST or anti-V5. Equal amounts of

precipitated MST1 were incubated for 15 min at 30 1C with 10 mg myelin

basic protein in 20 ml kinase buffer (40 mM HEPES, pH 7.4, 10 mM MgCl2,

25 mM ATP and 10 mCi [g-32P]ATP). Reactions were terminated by the

addition of 2� SDS sample buffer. Phosphorylated proteins were detected

using a PhosphorImager (BAS1000; Fujifilm).

Cell adhesion, IL-2 production and conjugate assays. Cell adhesion assays and

ligand-binding affinity measurement using recombinant ICAM-1–Fc have been

described17,20. Conjugation assays and measurement of IL-2 production by

TCR crosslinking using anti-CD3 were done exactly as described17. Adhesion of

lentivirus-transduced lymphocytes was measured in a parallel-plate flow

chamber (Bioptechs) under shear stress (5 dynes/cm2) as described16.

RNA-mediated interference. The iRNA–mediated interference technique

was used to suppress mouse Mst1 expression. A 19-nucleotide Stk4-specific

sense iRNA sequence (5¢-GTGTTTGATGTCTTAGAGA-3¢) or a scrambled

control iRNA sequence (5¢-GTTAGAGGTTCGTGATTAT-3¢) was ligated

into pSUPER.puro (OligoEngine). The iRNA plasmids were transfected

into BAF and 3A9 cells by electroporation; positive clones were selected

with puromycin.

The Stk4-specific iRNA was introduced into T cells using lentivirus

with a lentivirus vector expressing GFP (CS-RfA-EG; a gift from H. Miyoshi,

RIKEN, Wako, Japan) containing the iRNA construct under control of the

H1 promoter cassette. Production and concentration of lentivirus particles

were done as described51,52. Purified mouse T lymphocytes from C57BL/6 mice

were cultured for 2 d with 5 mg/ml of anti-CD3 and 1 mg/ml of anti-CD28

(BD Transduction Laboratories) in the presence of viral particles at a multi-

plicity of infection of 100. Cells were cultured for an additional 24 h without

stimulation. Transduction efficiencies were greater than 90%. A GFPhi popula-

tion, collected by cell sorting, was subjected to adhesion assays and immuno-

blot analysis.

Confocal microscopy and time-lapse imaging. Immunostaining and live-cell

imaging were done as described20. Lymphocytes and other nonadherent cell

lines were fixed in suspension and were immobilized on poly-L-lysine-coated

slides before staining. Confocal images were obtained using a LSM510 META

microscope (Carl Zeiss) with a 63� objective lens. Bodipy TR ceramide,

Hoechst 33342 and BCECF dyes (Invitrogen) were used to visualize the Golgi

complex and nuclei and/or cytosol. Time-lapse confocal images were obtained

in multitrack mode using a LSM510 microscope with a 63� objective lens.

There was no detectable ‘bleeding’ of Venus or mRFP fluorescence into

alternate channels. Line profile and colocalization analysis of z-stacks of

confocal images were done with the software ImagePro plus (MediaCyber-

netics) and ImageJ (W.S. Rasband, National Institutes of Health, Bethesda,

Maryland; http://rsb.info.nih.gov/ij/).

Immunoelectron microscopy. The 3A9 T cells were fixed for 1 h in

4% paraformaldehyde with 0.5% glutaraldehyde in PBS. Cells were rinsed

in PBS and were centrifuged into a pellet. Fixed cell pellets were infused

with 1% agarose and were embedded with epoxy for ultrathin sectioning

(70 nm). After incubation with primary antibody to RAPL (E11.2), sections

were rinsed with 1% BSA and 0.1% NaN3 in PBS and were incu-

bated with gold-conjugated goat anti-rat immunoglobulin G (IgG;

EY Laboratories). Controls included the substitution of purified rat IgG

for the primary antibody.

Cellular fractionation. Primary mouse lymphocytes suspended in a hypotonic

buffer (20 mM HEPES and 1 mM EDTA, pH 7.45) were lysed with a Dounce

homogenizer. Post-nuclear supernatants were centrifuged for 60 min at

100,000g. Pellets (particulate fractions) were rinsed twice with PBS and were

made soluble in SDS sample buffer. The supernatant obtained comprised the

cytosol fraction. Equal quantities of particulate and cytosolic proteins were

analyzed by immunoblot.

For sucrose density gradient fractionation, lymphocytes were suspended and

were lysed in cold (0 1C) buffer (250 mM sucrose, 10 mM triethanolamine,

10 mM acetic acid and 1 mM EDTA, pH 7.45) by Dounce homogenization.

Post-nuclear supernatants were layered on a continuous sucrose gradients

(10–40%) and were centrifuged at 4 1C for 16 h at 75,500g. After centrifugation,

0.3-ml fractions were collected from the top and were separated by SDS-PAGE

and analyzed by immunoblot.

Statistical analysis. Student’s two-tailed t-test was used to compare experi-

mental group, with P values less than 0.05 considered significant.

Note: Supplementary information is available on the Nature Immunology website.

ACKNOWLEDGMENTS
We thank N. Shimomura, C. Tanaka and R. Hamaguchi for technical
assistance. Supported by a grant-in-aid from the Ministry of Education,
Science, Sports, and Culture of Japan; Uehara Memorial Foundation; and
Toray Science Foundation.

NATURE IMMUNOLOGY VOLUME 7 NUMBER 9 SEPTEMBER 2006 927

A R T I C L E S

©
20

06
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
im

m
u

n
o

lo
g

y



AUTHOR CONTRIBUTIONS
K.K. and T.K. contributed to discussions of experimental design, data analysis
and manuscript preparation and did all experimental studies unless otherwise
indicated; M.I. did immunoelectron microscopy.

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Published online at http://www.nature.com/natureimmunology/

Reprints and permissions information is available online at http://npg.nature.com/

reprintsandpermissions/

1. Springer, T.A. Traffic signals on endothelium for lymphocyte recirculation and leukocyte
emigration. Annu. Rev. Physiol. 57, 827–872 (1995).

2. Butcher, E.C. & Picker, L.J. Lymphocyte homing and homeostasis. Science 272, 60–66
(1996).

3. Carman, C.V. & Springer, T.A. Integrin avidity regulation: are changes in affinity and
conformation underemphasized? Curr. Opin. Cell Biol. 15, 547–556 (2003).

4. van Kooyk, Y. & Figdor, C.G. Avidity regulation of integrins: the driving force in leukocyte
adhesion. Curr. Opin. Cell Biol. 12, 542–547 (2000).

5. Dustin, M.L., Bivona, T.G. & Philips, M.R. Membranes as messengers in Tcell adhesion
signaling. Nat. Immunol. 5, 363–372 (2004).

6. Pribila, J.T., Quale, A.C., Mueller, K.L. & Shimizu, Y. Integrins and T cell-mediated
immunity. Annu. Rev. Immunol. 22, 157–180 (2004).

7. Kinashi, T. Intracellular signalling controlling integrin activation in lymphocytes. Nat.
Rev. Immunol. 5, 546–559 (2005).

8. Ridley, A.J. et al. Cell migration: integrating signals from front to back. Science 302,
1704–1709 (2003).

9. Sanchez-Madrid, F. & del Pozo, M.A. Leukocyte polarization in cell migration and
immune interactions. EMBO J. 18, 501–511 (1999).

10.Horton, A.C. & Ehlers, M.D. Neuronal polarity and trafficking. Neuron 40, 277–295
(2003).

11.Rodriguez-Boulan, E., Kreitzer, G. & Musch, A. Organization of vesicular trafficking in
epithelia. Nat. Rev. Mol. Cell Biol. 6, 233–247 (2005).

12. Lawson, M.A. & Maxfield, R.R. Ca2+- and calcineurin-dependent recycling of an
integrin to the front of migrating neutrophils. Nature 377, 75–79 (1995).

13.Bretscher, M.S. Getting membrane flow and the cytoskeleton to cooperate in moving
cells. Cell 87, 601–606 (1996).

14.Ng, T. et al. PKCa regulates b1 integrin-dependent cell motility through association and
control of integrin traffic. EMBO J. 18, 3909–3923 (1999).

15.Bos, J.L., de Rooij, J. & Reedquist, K.A. Rap1 signaling: Adhering to new models. Nat.
Rev. Mol. Cell Biol. 2, 369–377 (2001).

16.Shimonaka, M. et al. Rap1 translates chemokine signals to integrin activation, cell
polarization, and motility across vascular endothelium under flow. J. Cell Biol. 161,
417–427 (2003).

17.Katagiri, K., Hattori, M., Minato, N. & Kinashi, T. Rap1 functions as a key regulator of
T-cell and antigen-presenting cell interactions and modulates T-cell responses. Mol.
Cell. Biol. 22, 1001–1015 (2002).

18.Kinashi, T. et al. LAD-III, a leukocyte adhesion deficiency syndrome associated with
defective Rap1 activation and impaired stabilization of integrin bonds. Blood 103,
1033–1036 (2004).

19. Zemojtel, T., Penzkofer, T., Duchniewicz, M. & Zwartkruis, F.J. hRap1B-retro: a novel
human processed Rap1B gene blurs the picture? Leukemia (2005).

20.Katagiri, K., Maeda, A., Shimonaka, M. & Kinashi, T. RAPL, a Rap1-binding molecule
that mediates Rap1-induced adhesion through spatial regulation of LFA-1. Nat.
Immunol. 4, 741–748 (2003).

21. Tommasi, S. et al. RASSF3 and NORE1: identification and cloning of two human
homologues of the putative tumor suppressor gene RASSF1. Oncogene 21,
2713–2720 (2002).

22.Katagiri, K. et al. Crucial functions of the Rap1 effector molecule RAPL in lymphocyte
and dendritic cell trafficking. Nat. Immunol. 5, 1045–1051 (2004).

23.Edgar, B. From cell structure to transcription: Hippo forges a new path. Cell 124,
267–273 (2006).

24. de Souza, P.M. & Lindsay, M.A. Mammalian sterile20-like kinase 1 and the regulation
of apoptosis. Biochem. Soc. Trans. 32, 485–488 (2004).

25. Sells, M.A., Pfaff, A. & Chernoff, J. Temporal and spatial distribution of activated Pak1
in fibroblasts. J. Cell Biol. 151, 1449–1458 (2000).

26.Glantschnig, H., Rodan, G.A. & Reszka, A.A. Mapping of MST1 kinase sites of
phosphorylation. Activation and autophosphorylation. J. Biol. Chem. 277,
42987–42996 (2002).

27. Creasy, C.L., Ambrose, D.M. & Chernoff, J. The Ste20-like protein kinase, Mst1, dimeri-
zes and contains an inhibitory domain. J. Biol. Chem. 271, 21049–21053 (1996).

28.Katagiri, K. et al. Rap1 is a potent activation signal for leukocyte function-associated
antigen 1 distinct from protein kinase C and phosphatidylinositol-3-OH kinase. Mol.
Cell. Biol. 20, 1956–1969 (2000).

29. Creasy, C.L. & Chernoff, J. Cloning and characterization of a member of the MST
subfamily of Ste20-like kinases. Gene 167, 303–306 (1995).

30. Taylor, L.K., Wang, H.C. & Erikson, R.L. Newly identified stress-responsive protein
kinases, Krs-1 and Krs-2. Proc. Natl. Acad. Sci. USA 93, 10099–10104 (1996).

31.Gulli, M.P. & Peter, M. Temporal and spatial regulation of Rho-type guanine-nucleotide
exchange factors: the yeast perspective. Genes Dev. 15, 365–379 (2001).

32.Dan, I., Watanabe, N.M. & Kusumi, A. The Ste20 group kinases as regulators of MAP
kinase cascades. Trends Cell Biol. 11, 220–230 (2001).

33.Hofmann, C., Shepelev, M. & Chernoff, J. The genetics of Pak. J. Cell Sci. 117,
4343–4354 (2004).

34.Graves, J.D. et al. Caspase-mediated activation and induction of apoptosis by the
mammalian Ste20-like kinase Mst1. EMBO J. 17, 2224–2234 (1998).

35. Lee, K.K. et al. Proteolytic activation of MST/Krs, STE20-related protein kinase, by
caspase during apoptosis. Oncogene 16, 3029–3037 (1998).

36.Kakeya, H., Onose, R. & Osada, H. Caspase-mediated activation of a 36-kDa myelin
basic protein kinase during anticancer drug-induced apoptosis. Cancer Res. 58,
4888–4894 (1998).

37. Cheung, W.L. et al. Apoptotic phosphorylation of histone H2B is mediated by
mammalian sterile twenty kinase. Cell 113, 507–517 (2003).

38.Khokhlatchev, A. et al. Identification of a novel Ras-regulated proapoptotic pathway.
Curr. Biol. 12, 253–265 (2002).

39. Li, Z. et al. Directional sensing requires G bg-mediated PAK1 and PIX a-dependent
activation of Cdc42. Cell 114, 215–227 (2003).

40. Praskova, M., Khoklatchev, A., Ortiz-Vega, S. & Avruch, J. Regulation of the MST1
kinase by autophosphorylation, by the growth inhibitory proteins, RASSF1 and NORE1,
and by Ras. Biochem. J. 381, 453–462 (2004).

41. Parrini, M.C., Lei, M., Harrison, S.C. & Mayer, B.J. Pak1 kinase homodimers are
autoinhibited in trans and dissociated upon activation by Cdc42 and Rac1.Mol. Cell 9,
73–83 (2002).

42. Lee, K.K., Ohyama, T., Yajima, N., Tsubuki, S. & Yonehara, S. MST, a physiological
caspase substrate, highly sensitizes apoptosis both upstream and downstream of
caspase activation. J. Biol. Chem. 276, 19276–19285 (2001).

43.Quinn, M.T., Mullen, M.L., Jesaitis, A.J. & Linner, J.G. Subcellular distribution of the
Rap1A protein in human neutrophils: colocalization and cotranslocation with cyto-
chrome b559. Blood 79, 1563–1573 (1992).

44.Maridonneau-Parini, I. & de Gunzburg, J. Association of Rap1 and Rap2 proteins with
the specific granules of human neutrophils. Translocation to the plasma membrane
during cell activation. J. Biol. Chem. 267, 6396–6402 (1992).

45. Pizon, V., Desjardins, M., Bucci, C., Parton, R.G. & Zerial, M. Association of Rap1a and
Rap1b proteins with late endocytic/phagocytic compartments and Rap2a with the Golgi
complex. J. Cell Sci. 107, 1661–1670 (1994).

46.Berger, G. et al. Ultrastructural localization of the small GTP-binding protein Rap1 in
human platelets and megakaryocytes. Br. J. Haematol. 88, 372–382 (1994).

47.Bivona, T.G. et al. Rap1 up-regulation and activation on plasma membrane regulates
T cell adhesion. J. Cell Biol. 164, 461–470 (2004).

48. Fujita, H. et al. Local activation of Rap1 contributes to directional vascular endothelial
cell migration accompanied by extension of microtubules on which RAPL, a Rap1-
associating molecule, localizes. J. Biol. Chem. 280, 5022–5031 (2005).

49. Song, M.S. et al. The tumour suppressor RASSF1A regulates mitosis by inhibiting the
APC-Cdc20 complex. Nat. Cell Biol. 6, 129–137 (2004).

50. Fagerholm, S.C., Hilden, T.J., Nurmi, S.M. & Gahmberg, C.G. Specific integrin alpha
and beta chain phosphorylations regulate LFA-1 activation through affinity-dependent
and -independent mechanisms. J. Cell Biol. 171, 705–715 (2005).

51.Miyoshi, H., Smith, K.A., Mosier, D.E., Verma, I.M. & Torbett, B.E. Transduction of
human CD34+ cells that mediate long-term engraftment of NOD/SCID mice by HIV
vectors. Science 283, 682–686 (1999).

52.Katayama, K. et al. RNA interfering approach for clarifying the PPAR g pathway using
lentiviral vector expressing short hairpin RNA. FEBS Lett. 560, 178–182 (2004).

928 VOLUME 7 NUMBER 9 SEPTEMBER 2006 NATURE IMMUNOLOGY

A R T I C L E S

©
20

06
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
im

m
u

n
o

lo
g

y



Immunity 25, 521–531, October 2006 ª2006 Elsevier Inc. DOI 10.1016/j.immuni.2006.09.002

Previews

Adhere Upright: A Switchblade-like
Extension of b2 Integrins

In this issue of Immunity, Nishida et al., (2006) demon-

strate a spectrum of dynamic conformation changes,
from a bent form to extended forms, in extracellular

domains in aXb2 and aLb2 upon separation of the
a and b subunits, providing structural evidence for

activation of leukocyte integrins.

Unstimulated leukocytes are nonadherent, yet become
adhesive to other cells and extracellular-matrix proteins
within a short time period in response to chemokine or
antigen encounter. Fundamental to this process is the
ability of integrins to alter their adhesiveness through
an intracellular signaling process referred to as inside-
out signaling. This pathway ultimately modulates integ-
rin-ligand binding affinity (affinity modulation) and/or
clustering on the cell surface (valency modulation).
Inside-out signals impinge on integrin cytoplasmic do-
mains and make the extracellular domain competent
for ligand binding. This property enables lymphocytes
to rapidly respond to foreign antigens or chemoattrac-
tants to activate adhesion, direct cellmigration, and form
immunological synapses (Carman and Springer, 2003)
(Dustin et al., 2004). One of major unresolved issues in
integrin-regulated adhesion is how integrin adhesiveness
ismodulatedstructurally andspatially in response to sig-
nals in theenvironment. In this issue,Nishidaet al., (2006)
demonstrate distinct conformational changes—which
may underlie dynamic changes of leukocyte adhesion
behavior—of extracellular domains in aXb2 and aLb2 from
the bent form to the extended forms by separating the
C-terminal ends.
The overall integrin structure resembles a ‘‘head’’ con-

nected to two ‘‘legs’’ (Figure 1A). The a subunit com-
prises an N-terminal b-propeller at the top, followed by
three b sandwich modules (thigh, calf-1, calf-2). The
b subunit comprises an N-terminal plexin, semaphorin,
and integrin (PSI) domain, followed by a b sandwich
hybrid domain, a b I domain, four epidermal growth
factor (EGF) repeats, and a b-tail domain. Half of the 18
integrin a subunits (a1, a2, a10, a11, aL, aM, aX, aD, aE) also
include in their a subunits an I domain (a I domain) in-
serted through short linkers into the upper face of the
b-propeller. Where present, this domain is the major site
of ligand binding. The major site of ligand recognition of
integrins that lack the a I domain is the top face of the
b I domain and the loops on the upper surface of the
b-propeller. Both the aI and the b I domain contain
a metal-ion-dependent adhesion site (MIDAS), where
a divalent metal is coordinated by a ligand’s acidic
residue (Hynes, 2002).
Recent structural studies of integrins that lack the I

domain have led toageneralmodel of integrin conforma-
tional changes (Takagi and Springer, 2002); in the low-
affinity conformation, the leg region is acutely bent at
the ‘‘genu’’ (knee) between the thigh and calf-1 domains

and between the I-EGF1 and I-EGF2, with the ligand-
binding headpiece in close proximity to the membrane-
proximal leg region, topologically pointing toward the
plasma membrane. The switchblade-like extension of
the leg regions shifts the molecule to the intermediate-
or high-affinity conformations in a manner dependent
on the orientation of the b I domain and hybrid domain.
In a ‘‘closed’’ conformation, the b I makes an acute angle
with the hybrid domain, and in an ‘‘open’’ high-affinity
conformation, the outward motion of the hybrid domain
occurs, making an obtuse angle with the b I domain.
Therefore, the extension of the leg piece and the orienta-
tion between thehybrid and b I domainsof the headpiece
are the key translators for converting global conforma-
tional changes into regulation of affinity. Although a bent
conformationmay not be equated with low-affinity bind-
ing in all situations (Adair et al., 2005), the extension is
thought to be particularly relevant in cell-cell adhesion
mediated by leukocyte integrins.

Nishida et al. (2006) demonstrate with soluble re-
combinant aXb2 and aLb2 that both of them show three
distinct conformations: a bent conformation and ex-
tended conformations with closed or open states of the
headpiece (Figure 1B), as reported in integrins that lack
I domains. When the entire extracellular domains of
a and b subunits were linked via a disulfide bond and
coiled-coil sequences fused at the C-terminal ends
(‘‘clasped’’ form) in order to make a soluble a/b hetero-
dimer,aXb2 predominantly showedVshapedbent forms.
Compared with aXb2, clasped aLb2 appears to be more
relaxed in conformation, showing both the bent (55%)
and the extended, closed (45%) forms. This is in line with
thecharacteristicsofaXb2,which requires stronger cellu-
lar activation for adhesion than other members of b2 in-
tegrins. Removal of the C-terminal clasp (‘‘unclasped’’)
of aXb2 increased extended forms with the closed
(50%) and open (25%) headpiecewith the rest remaining
bent. Unclasping of aLb2 also increased the extended,
open conformation. These results are in a good agree-
ment with those of integrins without the a I domain, and
they support a coherent model of integrin conforma-
tional changes through the bent and the extended,
closed to the extended, open states (Takagi and
Springer, 2002). Because these distinct states can coex-
ist underdefinedconditions, theconformational changes
are not all-or-nothing responses, but should be regarded
as equilibriums among multiple states (Figure 1B). Thus,
in basal states, integrin molecules are continually flexing
(‘‘breathing’’) to some degree; and close associations
of the leg-piece regions prefer the bent form, and their
separation shifts an equilibrium toward the extended
forms. The equilibrium pointsmay differ in integrin family
members. A b2 monoclonal antibody (CBR LFA-1/2),
which stimulates adhesion by binding an epitope in the
I-EGF3 domain, separated a and b leg regions and in-
duced or stabilized extended conformations. Thus, dis-
ruption of the interaction of the a and b cytoplasmic
tails by inside-out signals probably leads to a loss of
the interactions between the leg regions, resulting in re-
positioning of the ligand-binding headpiece pointing



away from the plasma membrane. The b I domain also
plays a regulatory role in this conformational-change re-
lay. The treatment of aXb2 with a small-molecule antago-
nist, XVA143, greatly increased extended conformations
predominantlywith theopenstate. This is consistentwith
the proposed mechanism of XVA143: acting on the
MIDAS of the b I domain and leading to the b I activation
with the hybrid domain swing-out while inhibiting activa-
tion of the a I domain (Shimaoka et al., 2003). The b I and
hybrid domainsmay serve as a switch in transmitting the
conformational signals from the cytoplasmic tails to the
a I domain by inside-out signals.
The ligand-binding aL I domain has three affinity

states (low, intermediate, and high affinity) with distinct
conformations depending on its C-terminal a helix
(Shimaoka et al., 2002). The bent form represents low-

affinity states, and extended, closed and extended,
open conformations likely represent the intermediate-
and high-affinity states. It is not clear at present how
leg-piece extension relays signals to induce the inter-
mediate affinity, because b I and hybrid domain orienta-
tions were either ‘‘open’’ or ‘‘closed’’ without evidence
for apparent intermediate conformations. In contrast,
the genu appears to be much more flexible, suggesting
that a possible fine-tuning of affinity and/or accessibility
to ligands occurs through unbending.

The current study gives convincing evidence to sup-
port a unifying model of global conformational changes
from the bent to the extended, closed to the extended,
open upon activation among distantly related members
of integrins, and it further suggests that extended con-
formations induced by separation—triggered by inside-
out signals transmit allostery to activate the ligand-bind-
inga I domain—of the leg andcytoplasmicdomains. This
modality of integrin activation may explain rolling and
firm adhesion with endothelial venules, as well as inter-
actions with antigen-presenting cells. In support of this
notion, a recent study suggests rapid extensions of
aLb2 by chemokines (Shamri et al., 2005).

This study sets a framework of future studies to exam-
ine which conformations are induced by physiological
stimuli to mediate responses to dynamic leukocyte ad-
hesion and what intracellular signaling regulates these
processes. Because distinct conformations of aLb2 have
different mobilities (Cairo et al., 2006), affinity and con-
formational regulation coordinated with spatial changes
of integrins may play a pivotal role in cell migration and
immunological-synapse formation. Addressing these
issues will shed light on crucial roles of integrins in
immunological surveillance and antigen response.

Tatsuo Kinashi1

1Department of Molecular Genetics
Institute of Biomedical Science
Kansai Medical University
Moriguchi, Osaka 570-8506
Japan
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Figure 1. Structure of b2 Integrin

(A) Schematic representation of the b2 integrin. The head region

comprises the a I domain and b-propeller domain of the a subunit

(pink) and b I domain of the b subunit (blue). The leg region com-

prises the thigh, calf-1, and calf-2 of the a subunit and the hybrid

domain, N-terminal PSI, four I-EGF repeats, and the b-tail domain.

Both subunits have a transmembrane domain and short cytoplasmic

tail. A MIDAS is indicated by red spheres.

(B) Equilibrium of the bent (low-affinity) and extended conformations

with the ‘‘closed’’ (intermediate-affinity) and the ‘‘open’’ (high-affin-

ity) states. Equilibrium ismodulatedby separationof the cytoplasmic

tails. The extended, open, high-affinity conformation is induced and

stabilized by separation of the a and b cytoplasmic and leg regions.

The flexible joints at the genu and between I-EGF1 and I-EGF2, as

well as at the b I/hybrid domain interface, are indicated by red circles.

The upright and outward motions of the extracellular domains and

the hybrid domain in transition from the bent to the extended and

from the closed to the open states are indicated by thick arrows.
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m4nzúû1:�¨UÉÊ����ÒÖ×��[�^48e1�em4núûtX4r�

ÉÊ !�äÆU{�^4]¯MloM�jÉXÏZ 3-nitortyrosine(3-NT)/tyrosine .��ó
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Abstract Phosphorylated Smad2/3 (pSmad2/3), the cen-
tral mediators of transforming growth factor (TGF)-beta
signaling, were recently identiWed in tau-positive inclusions
in certain neurodegenerative disorders. To clarify whether
the localization of pSmad2/3 is altered in amyotrophic lat-
eral sclerosis (ALS), we immunohistochemically examined
spinal cords from sporadic ALS (SALS), from familial
ALS (FALS) patients with the A4V mutation in their Cu/Zn
superoxide dismutase (SOD1) gene, and from G93A
mutant SOD1 transgenic (mSOD1 Tg) mice. In control spi-
nal cords, pSmad2/3 immunoreactivity was observed exclu-
sively in neuronal and glial nuclei. In SALS and FALS
patients the nuclei showed increased immunoreactivity for
pSmad2/3. Noticeably, round hyaline inclusions (RHIs)
and skein-like inclusions of SALS patients were immunore-
active for pSmad2/3. Double immunoXuorescence staining
for pSmad2/3 and transactive response-DNA-binding pro-
tein (TDP)-43 revealed co-localization of these proteins
within RHIs. In contrast, Bunina bodies in SALS and Lewy
body-like hyaline inclusions (LBHIs) in FALS were devoid
of labeling for pSmad2/3. Similarly, in the mSOD1 Tg
mice pSmad2/3 immunoreactivity was increased in the
nuclei, while LBHIs were not labeled. These Wndings sug-
gest increased TGF-beta-Smad signaling in SALS, FALS,
and mSOD1 Tg mice, as well as impaired TGF-beta signal
transduction in RHI-bearing neurons of SALS patients,

presumably at the step of pSmad2/3 translocation into the
nucleus. The pathomechanisms, including the process of
inclusion development, appears to be diVerent between
SALS and mSOD1-related FALS or Tg mice.

Keywords Smad · Amyotrophic lateral sclerosis (ALS) · 
Transforming growth factor-beta (TGF-beta) · Transactive 
response-DNA-binding protein 43 (TDP-43) · Copper/zinc 
superoxide dismutase (SOD1)

Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating lethal
disease in which relentless motor neuron degeneration
causes weakness and death within several years. The patho-
genesis of ALS is unknown, and eVective treatment has not
been established. Although most cases are sporadic ALS
(SALS), approximately 10% of cases are familial (FALS),
and the disease in approximately 20% of FALS patients
is caused by dominantly inherited mutations in the gene
encoding the antioxidant enzyme copper- and zinc-depen-
dent superoxide dismutase (SOD1) [18]. Neuropathologi-
cally, the motor neurons of SALS patients are characterized
by having intracytoplasmic Bunina bodies and ubiquiti-
nated skein-like inclusions (SLIs) or round hyaline inclu-
sions (RHIs). SLIs and RHIs were recently shown to be
immunopositive for transactive response-DNA-binding
protein 43 (TDP-43) [2, 17], which is suggested to be a use-
ful marker for ALS [8]. On the other hand, Lewy body-like
hyaline inclusions (LBHIs) are present in the cytoplasm of
spinal motor neurons of SOD1-related FALS patients, and,
in the anterior horns of the mutant SOD1 transgenic
(mSOD1 Tg) mice, these inclusions appear somewhat to
resemble, morphologically, the RHIs. However, the LBHIs
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are reactive with anti-SOD1 antibodies as well as with anti-
ubiquitin antibodies, but they are negative for TDP-43 [16,
21]. The mechanisms of the formation of these cytoplasmic
inclusions remain unknown.

Among several proposed hypotheses concerning the
pathogenesis of ALS, we recently suggested that dysfunc-
tional nucleocytoplasmic transport might be involved in the
process of neurodegeneration in ALS [28]. In that study we
demonstrated aberrant intracytoplasmic accumulation of
proteins related to nucleocytoplasmic transport, such as
importin-beta, and thus speculated that beneWcial regenera-
tion signals would not be successfully transported into the
nucleus in ALS patients. Similar Wndings have been
reported in Alzheimer’s disease [20].

Transforming growth factor (TGF)-beta is a multifunc-
tional cytokine, and its signal transduction pathway plays
an important role in regulating cellular responses such as
proliferation, diVerentiation, migration, and apoptosis [22].
The TGF-beta family is composed of three TGF-beta iso-
forms, four activin beta-chains, the protein nodals, ten bone
morphogenetic proteins, and 11 growth and diVerentiation
factors [19]. When TGF-betas bind to their speciWc recep-
tors, the intracellular mediators Smad2/3 are phosphory-
lated at their C-terminal serine residues (pSmad2/3) by the
kinase activity of TGF-beta type I receptor [1]. The acti-
vated Smad2/3 are then translocated to the nucleus and
there initiate the transcription of certain target genes. The
phosphorylated Smad3 associates with importin-beta in the
cytoplasm and is then imported into the nucleus, whereas
the phosphorylated Smad2 is autonomously imported into
the nucleus [14]. Therefore, we speculated that TGF-beta-
Smad signaling might be impaired in ALS.

In the present study we investigated the distribution of
the immunoreactivity for pSmad2/3, the central mediators
of TGF-beta signal transduction. We found, for the Wrst
time, that they could be detected immunohistochemically in
the RHIs and SLIs of the SALS, but not in the LBHIs of the
SOD1-related FALS patients and Tg mice.

Materials and methods

Human material

Lumbar spinal cords from seven SALS patients after death
(Table 1; cases 1–7, ages 62–81 years, mean § SD =
69.1 § 8.2 years) and three FALS patients with the A4V
SOD1 gene mutation (Table 1; cases 8–10, ages 39–66
years, mean § SD = 50.3 § 14.0 years) [11] were investi-
gated. Eight age-matched subjects without neurological
disorder served as control (Table 1; cases 11–18, ages
56–79 years, mean § SD = 67.9 § 8.6 years). All of the
ALS patients fulWlled the criteria of ‘deWnite ALS’ [4].

BrieXy, they presented progressive spread of signs of lower
motor neuron degeneration (weakness, wasting and fascicu-
lation) as well as those of upper motor neuron involvement
(increased tendon reXexes, spasticity, pseudobulbar fea-
tures and extensor plantar response) in the bulbar region
and at least two of the other spinal regions.

Mouse material

Founder male mice, heterozygous for the ALS-linked
G93A mutation of the human gene for SOD1 (TgN[B6SJL-
Tg (SOD1-G93A) 1Gur]), and female non-transgenic
B6SJLF1/J mice were originally obtained from the Jackson
Laboratory (Bar Harbor, ME, USA), and crossed in the
Kansai Medical University animal facility. All animal
breeding and experimental protocols were approved by the
Institutional Committee for Animal Safety and Welfare of
Kansai Medical University and were in agreement with the
Guidelines from the National Institutes of Health for the
use of live animals.

We previously reported that the LBHIs were Wrst
detected at 14 weeks of age in the G93A Tg mouse lumbar

Table 1 Clinical Wndings of patients with sporadic and familial amyo-
trophic lateral sclerosis and of control subjects (ALS amyotrophic
lateral sclerosis, SALS sporadic amyotrophic lateral sclerosis, FALS
familial amyotrophic lateral sclerosis, M male, F female)

Case 
no.

Age 
(years)

Gender Postmortem 
delay (h)

Diagnosis Duration 
of the 
disease 
(months)

ALS

1 62 M 17.0 SALS 22

2 63 F 16.5 SALS 16

3 63 M 5.5 SALS 14

4 64 M 5.0 SALS 29

5 72 F 3.5 SALS 18

6 79 F 1.5 SALS 29

7 81 F 6.5 SALS 19

8 39 M Unknown FALS (Ala4Val) 7

9 46 M Unknown FALS (Ala4Val) 8

10 66 M Unknown FALS (Ala4Val) 24

Control

11 56 M 8.0 Malignant melanoma –

12 57 M 10.5 Cerebral infarction –

13 63 F 3.0 Gastric cancer –

14 68 F 6.5 Pancreatic cancer –

15 70 M 24.5 Cerebral infarction –

16 74 F 3.5 Gastric cancer –

17 76 M 3.0 Cerebral infarction –

18 79 F 4.0 Malignant lymphoma –
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spinal cord and that their number increased with disease
progression [25]. Therefore, in this study, histological
examinations were carried out on the 12 female Tg mice at
15–20 weeks of age. Twelve age-matched non-Tg litter-
mates served as controls.

Immunohistochemistry

ParaYn-embedded blocks of human and mouse lumbar
spinal cords were cut at a thickness of 7 �m. The sections
were deparaVinized and stained with hematoxylin and
eosin (H&E). After having been photographed, the same
sections were decolorized with 70% ethanol and then
immunostained with the rabbit polyclonal antibody
against pSmad2/3 (sc-11769R; Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA) diluted 1:1000 with
phosphate-buVered saline at pH 7.2 containing 3%
bovine serum albumin (PBS–BSA) after having been
microwaved in 0.1 M citrate buVer, pH 6, as a pretreat-
ment. We also applied goat polyclonal antibody against
pSmad2/3 (sc-11769; Santa Cruz; 1:2,000) in the same
manner to conWrm the Wndings. Incubation was carried
out overnight at 4°C. The bound primary antibody was
detected with the appropriate Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA, USA), and 3,3�-
diaminobenzidine tetrahydrochloride was used as the
chromogen.

In addition, we performed double immunoXuores-
cence staining on lumbar sections from SALS patients.
We applied the combination of rabbit polyclonal anti-
body against pSmad2/3 (sc-11769R; Santa Cruz; 1:100)
and mouse monoclonal antibody against ubiquitin
(sc-8017; Santa Cruz; 1:400) and that of goat polyclonal
antibody against pSmad2/3 (sc-11769; Santa Cruz;
1:100) and rabbit polyclonal antibody against TDP-43
(10782-2-AP; ProteinTec Group Inc. Chicago, IL, USA;
1:4,000). These primary antibodies were detected with
Alexa Fluor 546 goat anti-rabbit IgG (Molecular Probes,
Eugene, OR, USA; 1:100) and Alexa Fluor 488 goat anti-
mouse IgG (Molecular Probes; 1:100), for the former,
and Cy3-labeled donkey anti-goat IgG (Chemicon Inter-
national AP180C; 1:25) and Alexa Fluor 488 donkey
anti-rabbit IgG (Molecular Probes; 1:100), for the latter.
The slides were mounted with Vectashield (Vector), and
viewed with an Olympus photomicroscope (Tokyo,
Japan) equipped for epiXuorescence. Images were
acquired with a PXL1400 cooled charge-coupled device
(CCD) camera (Photometrics, Huntington Beach, AZ,
USA) controlled by software (Scanalytics, Fairfax, VA,
USA).

In examining the immunostained sections, we deter-
mined motor neurons and glial cells morphologically with
size, shape, cytologic features, and distribution.

Semiquantitative analysis of pSmad2/3-immunoreactive 
nuclei

The density of the pSmad2/3 immunoreactivity in each
nuclei of the spinal motor neurons was assessed on a four-
point scale (3 = more than 75% of each nuclear area is
robustly immunolabeled; 2 = 50–75%; 1 = 25–50%; 0 = less
than 25%). Mean nuclear pSmad2/3 score of each case was
calculated, and the score of each group was expressed
as mean § SD.

Results

H&E staining demonstrated the RHIs and Bunina bodies in
all of the SALS cases, and the LBHIs in all of the FALS
patients and mSOD1 Tg mice examined. SLIs were not
certainly recognizable with H&E staining. In the control
subjects no pathological structures were identiWed.

Immunohistochemically, there was no essential diVer-
ence in immunostaining results between the goat and rabbit
polyclonal antibodies against pSmad2/3.

In the control subjects, deposits of pSmad2/3 immunore-
action product were observed in the nucleus of neurons and
glial cells, whereas the cytoplasm of these cells was thor-
oughly devoid of immunoreactivity (Fig. 1a). The nuclear
labeling by these antibodies appeared reticular or vesicular,
irrespective of their postmortem delay.

In the SALS patients, the staining density of the nuclei
of the remaining spinal motor neurons and a subset of
the glial cells reacted with anti-pSmad2/3 was evidently
increased, and, in many instances, the stain was homoge-
neously distributed (Fig. 1b). The nuclear pSmad2/3 score
was 2.12 § 0.43 in the SALS patients, in contrast to that of
0.67 § 0.68 in the control subjects. A further conspicuous
Wnding was the obvious labeling of the RHIs by the anti-
bodies (Fig. 1b–d). The immunoreactivity was observed to
be homogeneous within the entire RHI, and was even seen
in the eosinophilic core or pale halo. The pSmad2/3-stain-
ing density of the neuronal nuclei containing the RHIs
appeared to be reduced or at least comparable to that of
the control subjects (Fig. 1b, d). No immunoreactivity was
observed in the cytoplasm of those cells. In addition, the
SLIs were also immunopositive for pSmad2/3 (Fig. 1e).
Bunina bodies were not labeled by the same antibodies
(Fig. 1f, g).

The double immunoXuorescence technique for pSmad2/
3 (Fig. 2a, d) and for either ubiquitin (Fig. 2b) or TDP-43
(Fig. 2e) revealed the co-localization of pSmad2/3 immu-
noreactivity with that of ubiquitin or TDP-43 within the
RHIs (Fig. 2c, f).

In the SOD1-related FALS patients, LBHIs were
observed in the anterior horn cells (Fig. 3a). pSmad2/3
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immunoreactivity was readily demonstrable in the neuronal
(Fig. 3b) and glial nuclei, and their staining density was
apparently increased in comparison with that in the control
specimens (nuclear pSmad2/3 score was 2.42 § 0.59 in the
FALS patients). However, the LBHIs were not stained with
the antibodies (Fig. 3b). Similarly, in the G93A Tg mice,
pSmad2/3 deposits of the immunoreaction product were
heavier in the neuronal and glial nuclei than in those of the
control specimens (Fig. 3c, d). Nuclear pSmad2/3 score in
the mSOD1 Tg mice was 3.00 § 0.00, whereas that in the
control littermates was 1.53 § 0.69. The cytoplasm of the

anterior horn cells of the Tg mice showed faint immuno-
reactivity for pSmad (Fig. 3d), but the LBHIs were not
labeled with the antibodies (Fig. 3e, f).

We assessed the staining speciWcity by replacing the
primary antibodies with the appropriate amount of non-
immune rabbit or goat serum or phosphate-buVered
saline solution containing 3% bovine serum albumin or
by pre-incubating the primary antibodies with an excess
of the peptide immunogen (sc-11769P; Santa Cruz). No
deposits of reaction products were seen in the sections
thus treated.

Fig. 1 Lumbar anterior horns from a control subject (a) and from pa-
tients with SALS (b–g). The nuclei of the anterior horn cells and the
glial cells are immunopositive for pSmad2/3, with the stain showing a
reticular appearance (a, closed arrows). In SALS specimens, the stain-
ing density of the neuronal (b, open arrow) and the glial nuclei is
increased (b). The round hyaline inclusions (RHIs) are evidently
immunopositive for pSmad2/3 (b–d, arrowheads). Note that the
Smad2/3-staining density of the nucleus of the RHI-bearing neuron is

not increased (b, closed arrow). A skein-like inclusion is also detected
with the anti-pSmad2/3 antibody (e). The Bunina bodies (f, arrow-
heads) identiWed by H&E staining are not immunoreactive for
pSmad2/3 (g, arrowheads). The nucleus is robustly labeled homoge-
neously by the antibody (g). a, b, d, e, g Immunohistochemistry with
the anti-rabbit polyclonal antibody against pSmad2/3; c, f H&E; Bars
represent 50 �m (a, b) and 20 �m (c–g)
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Discussion

The principal Wndings of this study are the demonstration of
pSmad2/3 immunoreactivity in the RHIs and SLIs from the
SALS patients. Within these inclusions pSmad2/3 immunore-
activity was co-localized with that of ubiquitin and TDP-43.

Even though the physiological functions of Smad pro-
teins have not been thoroughly elucidated to date, they are
supposed to act as the central mediators of the TGF-beta
signal transduction pathway [27]. Among several isoforms
of Smad proteins, Smad2 and Smad3 belong to the recep-
tor-regulated Smads, and they are predominantly localized

Fig. 2 Double immunoXuores-
cence labeling of lumbar spinal 
cord sections from a SALS 
patient for pSmad2/3 (red) and 
ubiquitin (green) (a–c) or for 
Smad2/3 (red) and TDP-43 
(green) (d–f). pSmad2/3 is 
co-localized with ubiquitin and 
TDP-43 in the round hyaline 
inclusions of the anterior 
horn cells (a–f, arrows). The 
nucleus is also labeled by the 
anti-pSmad2/3 antibody 
(a, arrowhead). Auto-Xuorescent 
lipofuscin granules (a, d, small 
arrows) are also visible. 
Bar 20 �m

Fig. 3 Lumbar spinal cord sec-
tions from a FALS patient with 
the A4V SOD1 mutation (a, b) 
and a G93A mutant SOD1 Tg 
mouse (c–f). The Lewy body-
like hyaline inclusion (LBHI) of 
the FALS specimen is not immu-
noreactive toward the anti-
pSmad2/3 antibody (a, b, closed 
arrows). The nucleus of a neu-
ron containing an LBHI in its 
cytoplasm shows increased 
immunoreactivity for pSmad2/3, 
with the stain having a homoge-
neous appearance (b). In com-
parison with those of a normal 
littermate (c, closed arrows indi-
cate the neuronal nuclei), the 
neuronal (d, closed arrow) and 
the glial (d, open arrow) nuclei 
of the Tg mouse show increased 
pSmad2/3 immunoreactivity. 
Note the faint pSmad2/3 staining 
of the cytoplasm of the anterior 
horn neuron (d). The LBHI dem-
onstrated by H&E shows no 
immunoreactivity for Smad2/3 
(e, f, closed arrows). a, e H&E; 
b–d, f Immunohistochemistry 
with the anti-rabbit polyclonal 
antibody against pSmad2/3; 
bars 20 �m (a, b) and 10 �m 
(c–f)



332 Acta Neuropathol (2008) 115:327–334

123

in the cytoplasm in the basal state. To initiate a TGF-beta
response, the members of the TGF-beta superfamily bind to
their speciWc receptors on the cell surface. The activated
receptors move to early endosomal compartments, where
they phosphorylate the Smad2/3 at their C-terminal serine
residues. These pSmad2/3 form heteromeric complexes
with Smad4, and are then translocated into the nucleus,
where they control gene expression in a cell-type-speciWc
and ligand dose-dependent manner through interactions
with various transcription factors, co-activators, and co-
repressors. Then, Smad signaling is terminated by dephos-
phorylation by as yet unidentiWed phosphatases as well as
by ubiquitination and proteasome-mediated degradation of
activated Smad2/3. Only the dephosphorylated forms of
Smad2/3 are exported from the nucleus to the cytoplasm.

TGF-beta-Smad signaling is essential for maintaining
the survival of neurons. Among several growth factors
of the TGF-beta superfamily, TGF-beta1, TGF-beta2, and
TGF-beta3 are expressed in the adult central nervous
system (CNS) [9]. TGF-beta1 mRNA is reported to be
normally present at low levels in healthy adult CNS cells,
and its level increases with age [3]. Therefore, even in
unaVected adult control subjects, the TGF-beta-Smad sig-
nal transduction pathway is constantly active, to a certain
extent. It is thus not surprising that pSmad2/3 immunoreac-
tivity could be identiWed in neuronal and glial nuclei of the
unaVected controls in this study as well as in earlier studies
[15, 24]. In response to various neuronal insults, such as
ischemia or oxidative stress, TGF-beta1 mRNA is rapidly
up-regulated, which induces the expression of multiple
genes to oppose the injury and protect neurons, thus reduc-
ing neuronal damage [10]. Up-regulated TGF-beta1 would
consequently increase the amount of pSmad2/3 accumu-
lated in the nucleus. Our observations that increased
pSmad2/3 immunoreactivity in the remaining neuronal and
glial nuclei of the SALS, FALS, and Tg mouse specimens
was common imply that these cells had been subjected to
certain unknown insults that induced TGF-beta-Smad
signaling.

The pathomechanism underlying the presence of
pSmad2/3 immunoreactivity in the cytoplasmic inclusions
of SALS is currently uncertain. If one considers the cascade
of TGF-beta-Smad signaling, the C-terminally phosphory-
lated Smad2/3 that accumulated in these inclusions were
unlikely to have been derived from Smad2/3 in the basal
state before phosphorylation or from those exported from
the nucleus after Wnishing their role, but from those having
been phosphorylated by the TGF-beta receptors but kept
from entering the nucleus.

One possible explanation for their accumulation in the
inclusions is that the translocation of pSmad2/3 into the
nucleus might have been blocked by dysfunctional nucleo-
cytoplasmic transport, resulting in abnormal aggregation in

the cytoplasm. This speculation is supported by our recent
study demonstrating that importin-beta and its related pro-
teins accumulate in the perinuclear cytoplasm and in the
LBHIs of mSOD1 Tg mice, presumably due to impaired
nucleocytoplasmic transport and passive involvement of
importin-beta in the process of LBHI formation [28]. In the
present study, the cytoplasm of the anterior horn cells from
the Tg mice was faintly labeled by anti-pSmad2/3 antibod-
ies. This Wnding further supports our previous speculation
on mSOD1 Tg mice. However, the LBHIs of these mice
were immunonegative for pSmas2/3. In contrast, pSmad2/3
were not detected in the neuronal cytoplasm of patients
with SALS and FALS. Moreover, the RHIs were immuno-
reactive for pSmad2/3 homogeneously within their entire
structure. These notions imply that pSmad2/3 proteins may
play a crucial role in the formation of RHIs rather than
being secondarily involved by being sequestered within the
inclusions during the process of inclusion formation. A
similar mechanism has been very recently proposed to
operate in Alzheimer’s disease [5]. The pSmad2/3 accumu-
lation in the neuroWbrillary tangles in the brains of those
with Alzheimer’s disease has been reported previously
[5, 15, 24], but Chalmers and Love [5] additionally
revealed a reduction in nuclear pSmad2/3 immunoreactiv-
ity in tangle-bearing cells, and the binding of pSmad3 with
the aggregates of hyperphosphorylated tau. Although the
neuroprotective eVect of TGF-beta signaling has been con-
troversial [23, 26], the above researchers speculated that the
neuroWbrillary tangles sequester the pSmad2/3, thereby
interfering with the nuclear translocation of these proteins
and, therefore, with TGF-beta signal transduction in Alz-
heimer’s disease. In our study, we observed in the SALS
patients that the nuclear staining density for pSmad2/3 of
RHI-possessing neurons was reduced, or not increased,
when compared with those without RHIs. This Wnding sug-
gests that a similar pathomechanism to that in Alzheimer’s
disease would underlie SALS. However, the interaction of
Smad proteins with the known constituent proteins of RHIs
and SLIs, especially with TDP-43, in SALS has not been elu-
cidated, and so this situation warrants further investigation.

Taken together, our Wndings and those of others imply
that, in SALS, TGF-beta signal transduction would be
impaired. Previous reports have demonstrated that, in ALS
patients with a terminal clinical status, TGF-beta1 concen-
tration was signiWcantly higher in the serum [12, 13] and in
the cerebrospinal Xuid [13] than those levels in controls.
Moreover, intraperitoneal administration of TGF-beta2 has
been reported to improve the motor performance of
mSOD1 Tg ALS mice [7]. These data indicate that the dys-
functional TGF-beta-Smad signal transduction pathway
would be involved in the pathogenesis of ALS. Our present
results are consistent with those observations, but addition-
ally provide novel information that the critical disruption
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within the pathway resulting in neurodegeneration in SALS
would be at the step of pSmad2/3 translocation into the
nucleus. Our Wndings would be reinforced by, for instance,
evidence that TGF-beta or TGF-beta mRNA levels are
increased in ALS and in the mSOD1 Tg mice. On the other
hand, the absence of pSmad2/3 immunoreactivity in the
LBHIs in the mSOD1-associated FALS patients and in the
mSOD1 Tg mice implies that the pathomechanisms of
neurodegeneration in those conditions might be diVerent
from those in SALS.

We speculate that, in SALS, the disturbed translocation
of pSmad2/3 into the nucleus might impair the neuroprotec-
tive TGF-beta signaling and lead to neurodegeneration.
However, our Wnding that pSmad2/3 immunoreactivity in
the neuronal nuclei possessing inclusions was comparable
to that in those of the control subjects prompt an alternative
explanation, i.e., that, on the contrary, pSmad2/3 them-
selves might function neuroprotectively to actively seques-
ter harmful proteins, such as TDP-43, but might be
ineVective for detoxifying mSOD1.

Very recently, Chalmers and Love [6] reported that,
besides being found in neuroWbrillary tangles in Alzhei-
mer’s disease, pSmad2/3 also co-localize with abnormally
phosphorylated tau inclusions in Pick’s disease, progressive
supranuclear palsy, and corticobasal degeneration, but not
with alpha-synuclein inclusions in dementia with Lewy bod-
ies or in multiple system atrophy. Those authors concluded
that pSmad2/3 would interact with tau inclusions. Our result
is, to our knowledge, the Wrst demonstration that tau-nega-
tive, TDP-43- and ubiquitin-positive intracytoplasmic inclu-
sions in SALS are immunopositive for pSmad2/3. Further
investigations into the involvement of TGF-beta-Smad sig-
naling might oVer a key to the clariWcation of the patho-
mechanism of ALS and other neurodegenerative diseases.
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Abstract Recent investigations have indicated that
the nucleocytoplasmic transport system is essential for
maintaining cell viability and cellular functions and
that its dysfunction could lead to certain disorders. To
investigate the involvement of this system in the patho-
mechanisms of amyotrophic lateral sclerosis (ALS), we
examined the immunohistochemical localization of
proteins associated with nucleocytoplasmic transport
in the lumbar spinal cord in a mutant SOD1 (G93A)
transgenic mouse model of ALS. This model is widely
used for ALS research, and the mutant mice are known
to exhibit neuronal loss and Lewy body-like hyaline
inclusions (LBHIs) in the anterior horns, similar to the
pathology seen in familial ALS patients associated with
an SOD1 mutation and in several other transgenic
rodent models. Using antibodies against the importin
beta family of proteins, the major carrier proteins of
nucleocytoplasmic transport, and those against their
adapter protein, importin alpha, we found that the
immunoreactivities were decreased within the nuclei
and increased within the cytoplasm of a subset of the
surviving anterior horn cells of the transgenic mice. In
addition, LBHIs were invariably reactive toward these
antibodies. Furthermore, the immunoreactivities for
histone H1 and beta-catenin, representative cargo

proteins transported by importin beta-dependent and
beta-independent nucleocytoplasmic transport path-
ways, respectively, showed distributions similar to
those for importin beta family and importin alpha pro-
teins. The altered distributions of these proteins were
not associated with caspase-3 expression, suggesting
that the Wndings are unlikely to be a manifestation of
apoptotic processes. Chronological quantitative analy-
sis of importin beta-immunostained sections from the
transgenic mice revealed a statistically signiWcant pro-
gressive decrease in the proportion of the anterior horn
cells exhibiting a more intense reactivity for these pro-
teins in the nucleus than in the cytoplasm. To the con-
trary, we found that the anterior horn cells with the
immunoreactivity in their cytoplasm, being more pro-
nounced than that in their nucleus, were signiWcantly
increased in number along with the disease progres-
sion. This is the Wrst report investigating nucleocyto-
plasmic transport in the ALS model mouse, and our
present results imply that its dysfunction could be
involved in the pathomechanisms underlying ALS.

Keywords Amyotrophic lateral sclerosis · Transgenic 
mouse · Importin · Nucleocytoplasmic transport · Lewy 
body-like hyaline inclusion

Introduction

Knowledge of the molecular mechanisms responsible
for intercommunication between the cytoplasm and
the nucleus has been recently growing remarkably [8,
10, 22]. The nucleocytoplasmic protein transport
system would obviously be expected to play a crucial
role in this intercommunication. Using this transport
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system, various nuclear proteins, transcription factors,
and large molecules functioning in the nucleus are
imported into the nucleus across the nuclear envelope
after having been synthesized in the cytoplasm;
whereas transfer RNA, ribosomal RNA, and messen-
ger RNA are synthesized in the nucleus and exported
to the cytoplasm for translation and protein synthesis.
Therefore, the nucleocytoplasmic transport is abso-
lutely essential for maintaining cell viability and cellu-
lar functions.

Transport of proteins and nucleic acids between the
nucleus and the cytoplasm occurs through nuclear pore
complexes (NPCs) [26, 29]. Importin (karyopherin)
beta1 and other members of this family of molecules
are regarded as representative carrier proteins, and
members of the importin (karyopherin) alpha family
supposedly function as adapter proteins. To date, three
distinct nucleocytoplasmic transport pathways have
been identiWed, i.e., importin beta/alpha heterodimer-
dependent, importin beta family-dependent only, and
importin beta and alpha-independent ones. One or
more of these pathways are thought to be employed by
each cargo protein [10].

Nuclear pore complexes have been only recently
investigated in patients with autoimmune, neoplastic,
viral, or hereditary disorders [3]. Regarding neurode-
generative diseases, very recently SheYeld et al. [28]
reported the Wrst evidence for the involvement of
NPCs in Alzheimer’s disease. In Parkinson’s disease,
RanBP2, a component of cytoplasmic Wlaments in the
NPCs, was shown to be a substrate of Parkin [30]. In
contrast, in a rat sciatic nerve lesion model [11] impor-
tin beta1 was reported to be translated at the lesion site
from preexisting axonal messenger RNA. The authors
speculated that lesion-induced up-regulation of impor-
tin beta1 may enable retrograde transport of appropri-
ate signals for regeneration toward the nucleus [11]. In
neurodegenerative diseases, it is conceivable that simi-
lar regeneration mechanisms would be activated; how-
ever, the involvement of the importin beta family has
not been explored in such disorders.

In the present immunohistochemical study, we
investigated the distributions of importin (Imp) beta
family, Imp alpha, and representative cargo proteins in
the spinal cord of ALS model mice.

Materials and methods

Animals

Founder male mice, heterozygous for the ALS-linked
G93A mutation of the human gene for SOD1 (TgN

[B6SJL-Tg (SOD1-G93A) 1Gur]), and female non-
transgenic B6SJLF1/J mice were originally obtained
from the Jackson Laboratory (Bar Harbor, ME, USA),
and crossed in the Kansai Medical University animal
facility.

The animals were housed in micro-isolater cages in
an animal room on a 12 h light/12 h dark cycle, and
given free access to food and water. Procedures involv-
ing animals and their care were conducted in confor-
mity with our institutional guidelines, which are in
compliance with international laws and policies (NIH
Guide for the Care and Use of Laboratory Animals,
U.S. National Research Council, 1996).

Genetic analysis

Animals were genotyped by using an ASTEC research
thermal cycler for polymerase chain reaction ampliWca-
tion of mouse DNA extracted from tail snips [25]. The
detailed protocol was described previously [32].

Immunohistochemistry

Under deep anesthesia with diethyl ether, two G93A
SOD1 transgenic (Tg) female mice of each of various
ages, i.e., 4, 8, 10 weeks (pre-symptomatic stage of the
progression of the motor dysfunction), 12, 13, 14 weeks
(early-symptomatic), 15, 16, 17 weeks (middle-symp-
tomatic), and 18, 19, 20 weeks (late-symptomatic) were
perfused and Wxed with 4% paraformaldehyde in 0.1 M
phosphate buVer through the left cardiac ventricle.
After having been stored at 4°C for 2 weeks, the spinal
cords were dissected; and their lumbar regions were
embedded in paraYn and sectioned transversely at a
thickness of 7 �m. Female wild-type littermates at 8–
20 weeks of age (15 mice) served as controls.

The sections were deparaVinized and stained with
hematoxylin and eosin. We conWrmed the previously
reported neuropathology [4, 5] in the G93A Tg mice of
10 weeks of age and older employed in this study. The
anterior horn cells (AHCs) showed vacuolation
changes and were progressively lost along as the dis-
ease advanced. Lewy body-like hyaline inclusions
(LBHIs) were identiWable in the anterior horn neuropil
of animals as early as 8 weeks of age, and increased in
number along with the progression. LBHI structures
similar to those in the G93A Tg mice have been
reported in human familial ALS [12] and other Tg
rodent models [1, 2, 31].

After we photographed the surviving AHCs and
LBHIs, the same sections were decolorized in 70%
alcohol, and then immunostained with antibodies spe-
ciWc for the importin beta family (karyopherin beta1
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[Imp beta], karyopherin beta2 [transportin], and kary-
opherin beta3 [importin 5]; polyclonal 1:40, Santa Cruz
[19, 27]); karyopherin alpha2/Rch-1 (Imp alpha; mono-
clonal 1:7,000, BD Biosciences [21]); histone H1 + core
proteins (monoclonal 1:10,000, Chemicon [7]), beta-
catenin (polyclonal 1:4,000, Chemicon), and caspase-3
(monoclonal 1:100, Chemicon). Incubation was carried
out overnight at 4°C. Bound primary antibodies were
detected with the appropriate Vectastain Elite ABC
kit (Vector Laboratories, Burlingame, CA, USA), and
3,3�-diaminobenzidine was used as the chromogen. We
also performed double immunoXuorescence staining
on lumbar sections from the Tg mice by using anti-Imp
beta antibody (mouse monoclonal 1:50, BD Bio-
sciences [21]) and anti-ubiquitin antibody (rabbit poly-
clonal 1:200, Chemicon). These primary antibodies
were detected with Texas red-labeled anti-mouse IgG
and anti-rabbit IgG conjugated with FITC. The stained
sections were examined with a laser scanning confocal
microscope (Olympus FluoViewTM FV300 Version
4.3). In addition, the sections from the Tg mice stained
with anti-caspase-3 antibody were photographed and
then re-stained with the polyclonal anti-Imp beta anti-
body.

The staining speciWcity was assessed by replacing the
primary antibodies with the appropriate amount of
non-immune rabbit serum or phosphate-buVered
saline solution containing 3% bovine serum albumin or
by pre-incubating the primary antibodies with an
excess of the peptide immunogen [32]. No deposits of
reaction products were seen in the sections thus
treated.

Quantitative analysis

Under 400£ magniWcation, we counted the number of
AHCs immunoreactive for Imp beta on three non-con-
secutive lumbar cord sections from each mouse of each
age group. The examiners were properly blinded with
respect to the genotype and age of the mice used for
preparing the sections. The AHCs were classiWed into
Wve categories according to the relative staining inten-
sity of the nucleus or of the cytoplasm: (1) virtually
only the nucleus was labeled (nucleus only), (2) the
nucleus was more robustly stained than the cytoplasm
(n > c), (3) the nucleus and the cytoplasm were compa-
rably reactive (n = c), (4) the cytoplasm was more
intensely stained than the nucleus (n < c), and (5) the
reaction products were seen in the cytoplasm but not
recognizable in the nucleus (cytoplasm only). After
summing up the cell count for each of these Wve catego-
ries in three sections from each of the wild-type and
early-, middle-, and late-symptomatic mice groups, we

calculated the percentage of cells in each category. Sta-
tistic analysis between the mean percentage of each
category of the Tg mice and that of the controls was
carried out by using Student’s t test.

Results

Each antibody employed in the present study gave sim-
ilar immunohistochemical results in the controls, irre-
spective of their age, indicating that no age-related
changes occurred in the immunohistochemical distri-
butions in the mice between 8 and 20 weeks of age. In
the Tg mice in the pre-symptomatic stage, the distribu-
tions of the reaction product deposits indicating posi-
tive immunoreactions were the same as in the controls.
In contrast, in the symptomatic Tg mice the distribu-
tions appeared obviously distinct from those of the
controls.

The three anti-importin beta family antibodies and
the anti-Imp alpha antibody yielded immunostaining
patterns essentially similar to each other. In the control
mice, Imp beta and Imp alpha immunoreactivities
showed a diVuse or granular pattern within the nuclei
of the AHCs (Fig. 1a, g). On the other hand, the reac-
tivity in the cytoplasm was variable, and the staining
intensity of the cytoplasm was usually no greater than
that of the nucleus. In some neurons, the reaction
product deposits were recognizable only in the nucleus.
In the symptomatic Tg mice, the immunoreactivities
for Imp beta and Imp alpha were obviously decreased
in the nucleus of a subset of the AHCs, whereas those
in the cytoplasm were unchanged or increased (Fig. 1b,
h). In addition, these antibodies reacted strongly with
the LBHIs (Fig. 1b, c, i, j), and the staining intensity of
the neuropil was apparently increased (Fig. 1b, h).

Using the double immunoXuorescence technique,
we ascertained the colocalization of Imp beta and
ubiquitin in LBHIs (Fig. 1d–f).

The anti-histone H1 antibody invariably labeled, as
expected, the nuclei of the AHCs of the control mice
(Fig. 1k). In a small subset of AHCs the cytoplasm
showed additional immunoreactivity for histone H1. In
contrast, in the symptomatic Tg mice we encountered
several AHCs with their cytoplasm stained more
intensely with the antibody than their nucleus (Fig. 1l).
LBHIs were also positively stained (data not shown).

Beta-catenin immunoreactivity in the control mice
was detected in the AHCs either at comparable levels
in both the cytoplasm and the nucleus or with the
nuclei being obviously more intensely labeled than
their cytoplasm (Fig. 1m). Moreover, immunopositive
neurites were seen in the neuropil. In the symptomatic
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Tg mice the reaction product deposits were diVusely
distributed in the cytoplasm, but conspicuously
decreased in the nucleus, of most of the surviving
AHCs (Fig. 1n). This antibody faintly recognized cer-
tain LBHIs.

The anti-caspase-3 immunoreactive AHCs were
most abundant in the lumbar cord from pre- and early-
symptomatic (8–13 weeks of age) Tg mice (Fig. 1o). On
the other hand, only a few AHCs of the late-symptom-
atic Tg mice exhibited caspase-3 immunoreactivity
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(Fig. 1p). These Wndings are consistent with those of a
previous report on this immunoreactivity in low G93A
SOD1 expression-type Tg mice [33]. Re-staining of the
anti-caspase-3-immunostained sections with the anti-
Imp beta antibody demonstrated the cytoplasmic accu-
mulation of Imp beta in the same AHCs lacking anti-
caspase-3 immunoreactivity (Fig. 1q).

Quantitative analysis (Fig. 2) of the sections immu-
nostained for Imp beta revealed a chronological
change in its subcellular localization in AHCs of the Tg
mice. Along with the disease progression the Imp beta
immunoreactivity progressively shifted its localization
from the nucleus to the cytoplasm within the AHCs.
Statistic analysis indicated a signiWcant progressive
decrease in the number of Tg mouse AHCs with their
nucleus more reactive than their cytoplasm. Likewise,
the increase in the number of Tg mouse AHCs in
which the cytoplasm was more intensely labeled than
the nucleus with the anti-Imp beta antibody was also
statistically signiWcant (Fig. 2d).

Discussion

In the present study, we for the Wrst time demonstrated
the abnormal distributions of the proteins associated
with nucleocytoplasmic transport in the surviving
AHCs of symptomatic mutant SOD1 Tg mice.

Importin beta family proteins are the key carrier
molecules in nucleocytoplasmic transport, conveying
certain cargo proteins between the cytoplasm and the
nucleus [10, 22, 24]. Investigators in an earlier study
mentioned that importin beta did not enter the nucleus
[21]. However, subsequent Wndings showing that
importin beta family molecules do cross the nuclear
envelope and function in the nucleus [8, 10, 22] are
consistent with our present ones on the immunohisto-
chemically detected distribution of importin beta family

molecules in the control mice. In the spinal cords of the
Tg mice, we found a decrease in importin beta family
immunoreactivity in the nucleus and an increase in it in
the cytoplasm of a subset of the surviving AHCs. These
Wndings imply that entry of importin beta-bearing
cargo molecules into the nucleus would be impaired in
these mice. The immunoreactivity of LBHI with these
antibodies might be attributable to the consequent
incidental trapping of the importin beta proteins dur-
ing the process of LBHI formation. The quantitative
analysis of the anti-Imp beta-reactive AHCs further
suggests that the abnormal distribution of importin
beta family molecules would be related to the ALS
pathogenesis in the SOD1 Tg mice.

To conWrm the Wndings obtained with the anti-
importin beta family antibodies, we applied the anti-
Imp alpha and the anti-histone H1 antibodies. Imp
alpha is an adapter protein that binds to both Imp beta
and certain cargo proteins, and contributes to the
transport of the cargo proteins from the cytoplasm into
the nucleus [16]. Immunohistochemically this protein
was detected mainly in the nucleus of the control
mouse AHCs, in accordance with an earlier observa-
tion [21]. Histone H1 is a major structural protein in
eukaryotic chromosomes, and is imported into the
nucleus through an Imp beta/importin 7 heterodimer-
mediated energy-dependent process [14]. Our results
demonstrating that the amounts of reaction product
deposits derived from these antibodies were reduced
in the nuclei of AHCs similarly as those for Imp beta
indicate that, like Imp beta, neither Imp alpha nor his-
tone H1 would be successfully transported into the
nucleus in certain AHCs. These proteins would be
expected to accumulate as an Imp beta/Imp alpha
complex or an Imp beta/importin 7/histone H1 com-
plex in the cytoplasm of the AHCs and in the LBHIs of
the Tg mice. It is thus plausible that the altered distri-
butions of the above-examined proteins could be

Fig. 1 Lumbar spinal anterior horn cells of control (a, g, k, m)
and G93A SOD1 transgenic (Tg) mice (b–f, h–j, l, n–q). a Immu-
nohistochemistry for karyopherin beta1 (Imp beta) in the control
anterior horn cells (AHCs) shows the nuclei having been labeled
diVusely (arrows). In contrast, the cytoplasm shows less immuno-
reactivity than the nucleus. b In the Tg mice AHC, reduced nucle-
ar immunoreactivity for Imp beta is evident (arrow). An
accumulation of the protein is seen in the cytoplasm, and in the
Lewy body-like hyaline inclusion (LBHI, arrowhead). c The same
section as in “b,” stained with H&E shows that the Imp beta-
immunoreactive round structure is a typical LBHI (arrowhead).
d–f Double immunoXuorescence staining with anti-Imp beta (d,
red), anti-ubiquitin (e, green), and the merged image (f, yellow)
demonstrates the colocalization of these proteins in the LBHI.
(g–l) Immunostaining for karyopherin alpha2 (Imp alpha, g) and
histone H1 (k) shows a similar distribution between these pro-
teins and Imp beta in the control AHCs. Note that the nuclei have

been invariably labeled (g, k, arrows). In the Tg mouse AHCs, the
immunoreactivities in the nuclei are reduced (h, l, arrows). Cyto-
plasmic accumulation of histone H1 is recognizable (l, arrows).
The LBHIs are immunopositive for Imp alpha, as demonstrated
by the re-staining technique (i, j, arrowheads). Additionally, the
immunoreactivity of the neuropil appears to have increased (h).
m Beta-catenin immunoreactivity is seen in the nucleus of the
AHCs (arrows), as well as in the neuropil, of a control mouse. n
In the Tg mouse AHCs the cytoplasm reacts diVusely with the
anti-beta-catenin, whereas the immunoreactivity of the nucleus is
obviously decreased (arrow). o Caspase-3 immunohistochemistry
of a 12-week-old Tg mouse demonstrates that the cytoplasm of
many of the AHCs is labeled by the anti-caspace-3 antibody. p An
AHC of an 18-week-old Tg mouse, showing no reactivity for cas-
pase-3. q The neuron depicted in “p” was re-stained with the anti-
Imp beta antibody, which resulted in diVuse cytoplasmic labeling
with the antibody. Bars = 10 �m
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attributable to the dysfunction of Imp beta or to that of
the NPCs themselves.

To address this issue, we examined the distribution
of beta-catenin, an example of a typical molecule that
can be translocated bidirectionally through NPCs on
its own in a facilitated manner, but not requiring Imp
beta or Imp alpha/beta heterodimers [17]. The present
subcellular distribution of beta-catenin immunoreac-
tivity in the control mice AHCs was in accordance
with that of rat pyramidal neurons reported recently
[9]. The present Wndings that the cytoplasm of most of
the Tg mice AHCs showed diVuse immunopositivity
for beta-catenin, along with conspicuously decreased
immunoreactivity in the nucleus, suggest that beta-
catenin would also fail to pass through NPCs into the
nucleus in the Tg mice and indicate a dysfunctional
NPC. Alternatively, since a decreased level of nuclear
beta-catenin has been reported in GSK-3beta-overex-
pressing mice [20], our Wndings might reXect increased
activity of this kinase in the Tg mice. However, previ-
ous expression analysis of various protein kinases
including GSK-3beta did not reveal any signiWcant

changes [13]. Another report [9] demonstrated that
the proteasome inhibitor lactacystin induces beta-
catenin-positive aggresomes in the cytoplasm of cul-
tured cells. Indeed, decreased proteasomal activity has
been observed in the spinal cord from G93A SOD1 Tg
mice [15]. However, in our present study beta-catenin
accumulation in the cytoplasm was diVuse, not seques-
tered in inclusions. Therefore, in consideration of all
of our data taken together, it is conceivable that the
dysfunction of the NPCs themselves would be respon-
sible for the abnormal localization of the nucleocyto-
plasmic transport-related proteins examined in the
present study. Furthermore, the fact that the number
of the AHCs with an abnormal distribution of these
proteins progressively increased in the ALS model
mice suggests a positive correlation between this
abnormality and ALS pathogenesis.

A very recently reported immunohistochemical
investigation on NPCs in Alzheimer’s disease [28]
detected nuclear membrane irregularity in the hippo-
campal and neocortical neurons. These investigators
also indicated an abnormal accumulation of nuclear

Fig. 2 Low-power magniWcations of anti-Imp beta-immuno-
stained lumbar spinal anterior horns from wild-type (a), early-
symptomatic Tg (b), and late-symptomatic Tg (c) mice. a Arrows
indicate AHCs belonging to the category “nucleus only.” b Ar-
rows indicate AHCs in the categories “n = c”, “n < c”, and
“n > c”, respectively, in order from the top to the bottom (for
abbreviations, see text). The arrowhead points to an LBHI. c Ar-
rows indicate AHCs reactive with anti-Imp beta in “cytoplasm
only”. Arrowheads indicate LBHIs. d Graphic representation of

quantitative analysis of the sections immunostained for Imp beta.
In the symptomatic Tg mice, AHCs with only their nucleus la-
beled are signiWcantly few or not observed at all. Moreover, the
percentage of the AHCs in which the nucleus was more intensely
reactive than the cytoplasm progressively decreases and reaches
a statistically signiWcant diVerence. Likewise, the proportion of
the AHCs with only their cytoplasm stained or with their cyto-
plasm more intensely stained than their nucleus increases signiW-
cantly along with the progression of the disease
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transport factor 2 (NTF2), a protein carrying RanGDP
from the cytoplasm into the nucleus [8, 18, 23], in the
cytoplasm of hippocampal pyramidal cells of this disor-
der. Thus, they postulated that faulty NPCs and nucle-
ocytoplasmic transport would be involved in the
pathogenesis of Alzheimer’s disease [28]. NFT2 is
transported independently of Imp beta/alpha [8, 18,
23], similarly as in the case of beta-catenin; and,
intriguingly, the altered immunohistochemical distribu-
tion of NTF2 in the pyramidal neurons of Alzheimer’s
disease [28] appear to resemble that of beta-catenin
observed presently. Thus, these notions suggest that
common pathogenetic processes of neurodegeneration
would underlie both Alzheimer’s and ALS diseases.

Nuclear pore complex abnormality has been observed
in the case of apoptosis in vitro [6]. However, in Alzhei-
mer’s disease the changes in NPCs have not been
reported to be associated with apoptosis [28]. In our
study, the chronological distributions of the caspase-3
immunopositive neurons and those showing cytoplasmic
accumulations of nucleocytoplasmic transport carrier
and cargo proteins were diVerent. Moreover, we identi-
Wed instances of altered distribution of Imp beta in the
absence of anti-caspase-3 immunoreactivity. Indeed all
neurons immunopositive for caspase-3 would not be in
the process of undergoing apoptosis, but we can at least
state that the neurons devoid of anti-caspase-3 immuno-
reactivity would not be apoptotic. Thus, these Wndings
imply that the suggested NPC abnormality in the G93A
SOD1 Tg mice would not be associated with apoptosis.
Further investigations are needed to elucidate the rela-
tionship between the present Wndings and apoptosis.

In summary, we demonstrated a progressive
decrease in the nucleus and increase in the cytoplasm
of proteins involved in nucleocytoplasmic transport in
the surviving AHCs of G93A mSOD1 Tg ALS model
mice. In addition, these proteins were found in the
LBHIs of the mice. These Wndings imply that in ALS
beneWcial regeneration signals would not be success-
fully transported into the nucleus, resulting in facilita-
tion of neurodegeneration. Thus, our Wndings indicate
that dysfunctional nucleocytoplasmic transport might
be involved in the pathomechanisms of ALS. Further
investigations on other types of mSOD1 Tg animals
and human ALS material are warranted.
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Clinicopathologic
investigation of a

family with expanded
SCA8 CTA/CTG

repeats

Abstract—We investigated a family manifesting progressive ataxia, with ex-
panded SCA8 CTA/CTG repeats. Neuropathologically, degeneration of Pur-
kinje, inferior olivary, and nigral neurons and periaqueductal gliosis were
evident. The sites of Purkinje cell loss were occupied by fibrillary accumula-
tions. The remaining Purkinje cells showed somatic sprouts, and intracytoplas-
mic 1C2-positive granular structures were recognizable. This characteristic
distribution of neurodegeneration and Purkinje cell cytopathology were distinct
from those of other hereditary spinocerebellar ataxias previously reported.
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Spinocerebellar ataxia type 8 (SCA8) is a hereditary
neurodegenerative disorder, manifesting itself as a
slowly progressive cerebellar ataxia.1,2 It has been
reported that SCA8 is caused by a CTA/CTG repeat
expansion in the 3= untranslated region of a gene of
unknown function.1 However, the pathogenic role of
this expansion remains an issue of debate, because
this expanded repeat has also been observed in
healthy control subjects and there is poor segrega-
tion of the expansion with ataxia in several fami-
lies.3,4 To address the etiology of this controversial
type of hereditary SCA (hSCA), neuropathologic
findings of patients with an expanded SCA8 allele
should be informative. However, no report besides a
single abstract5 has appeared to date.

Herein we describe our clinicopathologic findings
on a Japanese family expressing the SCA8 CTA/CTG
repeat expansion.

Methods. Clinical features. A 41-year-old man developed pro-
gressive gait unsteadiness. Neurologic examination revealed mod-
erate ataxic dysarthria and mild limb and truncal ataxia. His
upward gaze was limited. Other systems including reflexes, sensa-
tion, and psychiatric function were not impaired. Wechsler Adult
Intelligence Scale testing indicated his verbal IQ to be 90. Cranial
MRI demonstrated cerebellar atrophy, but the brainstem was of
normal size. During follow-up, slight bradykinesia and rigidity
developed. His symptoms progressed very slowly and were fol-
lowed by difficulty in swallowing. He died suddenly of accidental
suffocation by sputum while hiking at age 45. Artificial ventilation
was not performed.

One of his two sons, on whom we reported previously,6 pre-

sented dysarthria at age 14. Examination at age 17 demonstrated
cerebellar ataxia, facial grimacing, and exaggerated deep tendon
reflexes; his verbal IQ was 63 at age 23. He is now 28 years old
and shows severe dysarthria, ataxia, and rigospasticity of all four
limbs, dystonia of the left arm, and bradykinesia, but remains
ambulatory. His range of eye movement is slightly limited. A
cranial MRI disclosed marked cerebellar and mild frontal lobe
atrophy with a normal brainstem.

We examined the patient’s father, wife, and other son and
confirmed them to be unaffected. The mother had died earlier.

Genotype analysis. After having obtained informed consent,
we extracted genomic DNA from a fragment of frozen frontal lobe
from the proband and leukocytes from his father, wife, and two
sons by standard methods. PCR analysis for SCA8 CTA/CTG re-
peats and CAG repeats in the loci of SCA1, 2, 3, 6, 7, 17 and
dentatorubropallidoluysian atrophy (DRPLA) were performed as
previously described.6

Neuropathologic examination. We performed hematoxylin–
eosin and Luxol fast blue (LFB) staining and also used the
Bielschowsky and Gallyas silver impregnation methods. For im-
munohistochemistry, mouse monoclonal antibodies against ex-
panded polyglutamine (1C2; Chemicon; 1:8,000), phosphorylated
neurofilament (SMI-31; Sternberger; 1:10,000), and rabbit poly-
clonal antibodies against ubiquitin (Sigma; 1:1,000), synaptophy-
sin (Dako; 1:100), calbindin-D28k (SWANT; 1:10,000), glial
fibrillary acidic protein (GFAP; Chemicon; 1:1,000), and

-synuclein (Chemicon; 1:1,000) were employed.

Results. The number of the SCA8 CTA/CTG repeats in
genomic DNA from the proband was 240/14 and from his
manifested son was 221/24; those from the other individu-
als were normal. The examined CAG repeat lengths of all
the subjects were within the normal range.

The brain weighed 1,145 g. Macroscopically, the cere-
bellum was atrophic, whereas the cerebrum and brainstem
appeared to be of normal size (figure 1A). The examination
of sections, however, revealed that the substantia nigra
(SN) was conspicuously depigmented (figure 1B). The basis
pontis and the locus ceruleus appeared preserved (figure 1,
B and D).

Histologically, very severe loss of Purkinje cells was the
most prominent finding. The sites of Purkinje cell loss had
been replaced by eosinophilic fibrillary accumulations (fig-
ure 2A). These structures gave positive staining by
Bielschowsky method (figure 2B) and LFB and were im-
munohistochemically positive for phosphorylated neuro-
filament (figure 2C) and synaptophysin (figure 2D), but
negative for GFAP.

The remaining Purkinje cells appeared atrophic (figure
2F). We occasionally identified characteristic Purkinje cells
with somatic sprouts (figure 2, G and H). 1C2 immunohis-
tochemistry demonstrated multiple clusters of granular
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structures within the cytoplasm of the residual Purkinje
cells (figure 2I). These granular structures were not recog-
nizable by any of the staining procedures employed
presently.

In the dentate nucleus, the neuronal population in gen-
eral appeared to have been preserved (figure 3A). By con-
trast, neuronal loss in the pars compacta of the SN (figure
3B) and in the inferior olivary nucleus (figure 3C) was
noticeable. 1C2 immunohistochemistry demonstrated no
inclusions in the neurons of these structures. In the peri-
aqueductal gray matter, extensive gliosis was noted.

In contrast, pontine neurons were well preserved (figure
3D); no glial inclusions were seen. Neurons in the frontal
and temporal lobes, hippocampus, striatum, pallidum,
thalamus, subthalamic and red nuclei, locus ceruleus, cra-
nial nerve nuclei, and the spinal cord were preserved. Su-
dan III staining of the spinal cord showed no tract
degeneration.

Discussion. Neuropathology of hSCAs has been
reported to date in cases with SCA1, 2, 3, 4, 6, 7, 17,
23, DRPLA, and 16q-linked autosomal dominant cer-
ebellar ataxia type III7 (16q-ADCA). Purkinje cells
are usually preserved in SCA3 and DRPLA; and the
dentate nucleus is more than moderately affected in
SCA1, 4, 7, and 23. Also, the pontine neurons are
degenerated definitely in SCA1 and 2 and variably in
7. Therefore, such reports indicate that our patient
had a different condition from the above hSCAs neu-
ropathologically. On the other hand, Purkinje cell
degeneration with preserved dentate and pontine
nuclei is a common finding in SCA6,8, 17,9, and 16q-
ADCA.7 In these conditions, the inferior olivary
changes are variable. However, nigral pathology, if
any, is reported to be generally mild.7-9 Thus, the
distribution pattern of neurodegeneration in our pa-
tient was dissimilar to that of any of the previously
reported hSCAs.

Our immunohistochemical findings suggest that
the fibrillary accumulations in the Purkinje cell
layer probably consisted of afferent terminal axons.
We noted similar structures in the figures depicting
SCA6 pathology.8 Recently reported amorphous
materials around Purkinje cells in a patient with

Figure 1. Representative photographs
of the external cerebellar appearance
(A) and transverse sections of the mid-
brain (B) and the pons (D) from the
patient with spinocerebellar ataxia type
8 and the midbrain from a control sub-
ject (C). (A) Cerebellar atrophy is
clearly recognizable. (B) Pronounced
depigmentation and brownish discolor-
ation of the substantia nigra are evi-
dent, when compared with that of a
control (C). (D) The normal architec-
ture of the basis pontis and the locus
ceruleus is well preserved.

Figure 2. Representative photomicrographs of the cerebel-
lum. (A) Hematoxylin–eosin–stained cerebellar cortex from
the patient with spinocerebellar ataxia type 8 (SCA8)
shows Purkinje cell loss, with the missing cells having
been replaced by eosinophilic fibrillary accumulations. (B
through D) Sections nearby the one shown in A” stained
by Bielschowsky silver impregnation method (B) and im-
munohistochemically for phosphorylated neurofilament (C)
and synaptophysin (D). Fibrillary accumulations are in-
variably detectable by these staining procedures. The mo-
lecular layer is thinner than normal, and the granule cells
are mildly decreased in number (A through D). (E and F)
Calbindin-D28k immunostaining of a normal subject (E)
and the SCA8 patient (F) demonstrates the atrophic nature
of the remaining Purkinje cells and torpedo formation (ar-
row) of the latter. (G through I) The Purkinje cells of the
SCA8 patient, stained with hematoxylin–eosin (G) and im-
munohistochemically for calbindin-D28k (H) and with the
1C2 antibody (I). Somatic sprouts are noticeable in some of
the remaining Purkinje cells, readily seen with the anti-
calbindin-D28k antibody (G and H). The 1C2 antibody re-
veals multiple positive granular cytoplasmic inclusions, but
intranuclear inclusions are not evident (I). Bars � 50 �m
(A–F) and 10 �m (G–I).
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16q-ADCA7 also partly resembled the above accumu-
lations, but they lacked SMI-31 immunoreactivity.
Purkinje cells with somatic sprouts were identified
in SCA6 and 16q-ADCA patients but have not been
reported in other sporadic or hSCAs.

1C2-positive, ubiquitin-negative intracytoplasmic
inclusions have been identified in patients with
SCA2, SCA6, and SCA7, being caused by CAG repeat
expansion in common. However, the 1C2 monoclonal
antibody was recently shown to recognize not only
polyglutamine but also polyleucine.10 As a CTG trip-
let codes leucine, the 1C2 immunoreactivity in the
inclusions of our case might represent polyleucine
translated abnormally from the expanded CTG re-
peat. This gene might encode a bicistronic transcript.

Even though the nigral findings were different,
the neuropathology of our patient showed some re-
semblance to that of SCA6. This is consistent with our
previous speculation based on the genetic data, sug-

gesting the possible etiologic relationship between
SCA8 and SCA6.6 Finally, comparing the current
findings with the formerly described neuropathology
concerning SCA8 cases,5 we found that the Purkinje,
granular, and olivary neuronal loss was a common
feature. In contrast, the nigral degeneration or the
periaqueductal gliosis was not mentioned in that
earlier study,5 and intranuclear instead of intracyto-
plasmic, 1C2-positive inclusions in Purkinje cells
were reported. It is known that there is a great clin-
ical and pathologic variability in SCA patients
within the same genotype or even belonging to the
same family. Certain variant clinical features of our
patients from the previously reported SCA8 sub-
jects1,2 raise the possibility that the SCA8 repeat ex-
pansion in our patients could have been incidental
and that they could have another as yet unknown
disease. For determination of the neuropathologic
features of SCA8 patients, further studies with addi-
tional cases are needed.
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Figure 3. Photomicrographs of the cerebellar dentate nu-
cleus and the brainstem structures from the patient with
spinocerebellar ataxia type 8, stained with hematoxylin–
eosin. (A) The dentate nucleus contains several neurons
that are atrophic and darkly stained (arrows), but the
neuronal populations in general are preserved. (B) The
substantia nigra demonstrates remarkable depletion of
pigmented neurons. (C) The inferior olivary nucleus re-
veals significant neuronal loss and astrocytosis. (D) The
pontine neurons are preserved. Bars � 100 �m (A, D), 200
�m (B), and 50 �m (C).
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Abstract

Numerous studies have shown that some populations of bone marrow cells (BMCs) have the capacity to differentiate into neural cells, which is
useful for repairing brain lesions. In this paper, we analyze neural differentiation features of lineage-negative/CD34-negative (Lin−CD34−) cells
in the bone marrow of adult mice. The population of Lin−CD34− in BMCs was isolated by magnetic bead sorting and fluorescence-activated
cell sorter (FACS) using specific lineage (CD4, CD8a, CD11b, CD45R, Gr-1 and TER-119) antibodies and CD34 antibody. First, we cultured
Lin−CD34− BMCs in the presence of RNIF: vitamin A derivative retinoic acid (RA) and neural-inducing factors (platelet-derived growth factor
BB (PDGF-BB), epidermal growth factor (EGF) and fibroblast growth factor-basic (FGF-b)). Analyses of RT-PCR and immunocytochemistry
indicated that RNIF-treated Lin−CD34− BMCs expressed neural phenotypes as well as neurogenic transcription factors. When we implanted the
Lin−CD34− BMCs isolated from enhanced green fluorescent protein (eGFP) transgenic mice into the subventricular zone (SVZ) of postnatal mice,
eGFP-positive cells survived 3 weeks after the injection in the various brain regions, some of which expressed the neural phenotypes. Our data
suggest that certain subsets in the CD34− populations of adult bone marrow could have the capacity to differentiate into neural cells in a suitable
environment.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: CD34-negative cells; Bone marrow cells; Neurogenesis; Mice

Stem cell therapies that could alleviate neurodegeneration
or facilitate neural regeneration have become a high prior-
ity in neuromedical research. Considering the problems of
ethics, immunorejection and isolation technique, bone marrow-
derived cells as well as hematopoietic stem cells (HSCs)
are of special interest [19]. HSCs are a rare population
in bone marrow and give rise to all lymphoid, myeloid,
megakaryocytic and erythroid cells. It has long been believed
that HSCs express the cell surface glycoprotein CD34 [1].
However, it has been recently reported that CD34− cells
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Tel.: +81 6 6993 9429/9430; fax: +81 6 6994 8283.
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can also reconstitute hematopoiesis [5], and that primi-
tive HSCs lack the CD34 antigen in bone marrow [7]. In
adult mice, Lin− (myeloid/lymphoid/megakaryocytic/erythroid
lineage-negative) CD34− bone marrow cells (BMCs) are
regarded as HSCs, since these cells can differentiate into mul-
tilineage colony-forming cells in vitro [15], and have long-term
reconstituting ability after being transplanted into lethally irra-
diated mice [9]. In the present study, we examine the capacity
of Lin−CD34− BMCs obtained from adult mice to differentiate
into neural phenotypes.
Retinoic acid (RA) has been used as a neurogenic stimulator

of many type cells, including neural stem cells, embryonic stem
cells and stem cells from the bone marrow [8,18,12]. Platelet-
derived growth factor BB (PDGF-BB), epidermal growth factor
(EGF) and fibroblast growth factor-basic (FGF-b) promote the

0304-3940/$ – see front matter © 2006 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2006.08.063
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expansion and neural differentiation of neural stem cells, and
stimulate the neural differentiation of embryonic stem cells and
multipotent adult progenitor cells [2,17,3,16,11]. Therefore, we
cultured Lin−CD34− BMCs in the medium with RNIF (includ-
ing RA, PDGF-BB, EGF and FGF-b) and examined whether
these cells can be induced into neural phenotypes in vitro.
It is believed that the subventricular zone (SVZ) of develop-

ing brains is a neurogenically active region, and the region is
rich in neurotrophic factors, which supports neural differenti-
ation of neural stem cells or non-neural stem cells [23,24]. To
test the neural differentiation potential of Lin−CD34− BMCs in
vivo, we implanted Lin−CD34− BMCs isolated from enhanced
green fluorescent protein (eGFP)-transgenic mice into the SVZ
of postnatal mice to determine whether these cells would be able
to differentiate into neural phenotypes in the brains.
Whole BMCs were flushed from the femurs and tibias of 16-

week-old C57BL/6-Ly5.2 (B6) mice (for in vitro culture) or 16-
week-old eGFP-transgenic mice (C57BL/6-Ly5.2 background;
for in vivo implantation), and suspended in phosphate-buffered
saline (PBS) containing 2% heat-inactivated fetal bovine serum
(FBS; GIBCO). Mononuclear BMCs were collected by Ficoll-
paque plus (1.077 g/cm3; Amersham-Pharmacia) density gra-
dient centrifugation. Lin−CD34− BMCs were prepared by
incubating the mononuclear cells with monoclonal antibod-
ies, biotin-conjugated anti-CD4 (No. 553649), anti-CD8a (No.
553029), anti-CD11b (No. 553309), anti-CD45R (No. 553086),
anti-Gr-1 (No. 553125), anti-TER-119 (No. 553672) and anti-
CD34 (No. 553732) (BD Biosciences Pharmingen), and by
removing positive cells with streptavidin-conjugated magnetic
beads (Dynabeads M-280 Streptavidin; Dynal A.S.). After the
resulting cells were stained with streptavidin-conjugated PE-
Cy5 (Dakocytomation), the cells were washed, and resuspended
in PBS containing 0.5% bovine serum albumin (BSA; GIBCO)
and kept on ice for cell sorting. Cell-type analysis and cell sort-
ing were performed using a fluorescence-activated cell sorter
(FACS) (EPICS ALTRA; Beckman Coulter, Inc., Fullerton,
CA). After cell sorting, the cell purity of the Lin−CD34− popu-
lations was examined using the FACS. In all experiments, only
cell populations in which both the Lin− purity and the CD34−
purity were >99.5% were used.
FACS-sorted Lin−CD34− BMCs were planted at 1× 105

cells/cm2 in 24-well plates with coverslips pre-coatedwith poly-
l-ornithine hydrobromide (Sigma) and fibronectin (Sigma).
Cells were grown at 37 ◦C in humidified 10% CO2/90% air.
Base medium consisted of Dulbecco’sModified EagleMedium:
Nutrient Mixture F-12 (GIBCO) with 10% FBS, 1×N2 supple-
ment (GIBCO), 100 units of penicillin (GIBCO), 1000 units of
streptomycin (GIBCO) and 1mM 2-mercaptoethanol (Sigma).
To induce neural differentiation, cells were treated with RNIF:
base medium supplemented with 0.5�M RA (Sigma), 5 ng/ml
PDGF-BB (520-BB, R&D SYSTEMS), 10 ng/ml EGF (315-
09, PEPROTECH EC LTD) and 100 ng/ml FGF-b (100-18B,
PEPROTECH EC LTD). As control groups, cells were grown in
basemedium.Half themedium in the culture plateswas replaced
with the same volume of fresh medium with supplements twice
per week.The Lin−CD34− BMCs were grown on the coverslips
for 16 days as described above.OnDays 4, 8 and 16, culture cells

were fixed with 4% paraformaldehyde (in PBS). For immuno-
cytochemistry, cells were incubated with primary antibodies:
anti-nestin (1:200; No. 611658, BD Biosciences Pharmingen),
anti-TuJ1 (1:200; GT431195, Genzyme-Techne), anti-MAP2
(1:100; MAB364, CHEMICON), anti-GFAP (1:400; G3893,
Sigma), and anti-CNPase (1:400; MAB326, CHEMICON). To
eliminate the background problems, a Vector M.O.MTM flu-
orescein kit (Victor) was used to block secondary antibody
reaction using a modification of the manufacturer’s instruc-
tions. After being incubated with a biotin-conjugated secondary
antibody contained in the kit, cells were exposed to Texas
red avidin D (1:50; Victor), and stained with 4′,6-diamino-
2-phenylindole (DAPI; 2�g/ml; Sigma) to identify cellular
nuclei. DAPI-staining cells and Texas red-immunofluorescent
cells were examined and counted using a confocal fluorescence
microscopy system (LSM510META,Ver 3.2; ZEISS, Carl Zeiss
Co., Ltd). To assess the frequency of cell types in a given culture,
we counted the number of cells staining positive with a given
antibody in 10 visual fields (30–300 cells per field) per well.
Total RNA was extracted from the culture cells on Days 0

(fresh FACS-sorted Lin−CD34− BMCs), 4 and 8 using aRneasy
mini kit (Qiagen) as described by the manufacturer, and then
total RNA was reverse transcribed with MMLV reverse tran-
scriptase (ReverTra Ace-a-TM kit; TOYOBO) in the presence
of random primer. The cDNA was amplified using Platinum
Pfx DNA Polymerase (Invitrogen). Primer sequences (forward
and reverse), and the lengths of the amplified products were as
follows: nestin (5′-GGAGTGTCGCTTAGAGGTGC-3′, 5′-TC-
CAGAAAGCCAAGAGAAGC-3′, 327); neurofilament-H (NF-
H) (5′-TGAACAGCTCCGAGAGTACCA-3′, 5′-CTTGGCC-
TCTTCTTTCACACG-3′ 435); GABA (5′-AGGTTGACCGT-
GAGAGCTGAAT-3′, 5′-TGGGCAGGCATGGGC-3′, 68);
GFAP (5′-GAGGAGTGGTATCGGTCTAAGTTTG-3′, 5′-GC-
CGCTCTAGGGACTCGTT-3′, 165); MBP (5′-GTGCAGCT-
TGTTCGACTCCG-3′, 5′-ATGCTCTCTGGCTCCTTGGC-3′
153); Sox1 (5′-CCTCGGATCTCTGGTCAAGT-3′, 5′-TACA-
GAGCCGGCAGTCATAC-3′, 593); Pax5 (5′-CAGATGTA-
GTCCGCCAAAGGATAG-3′, 5′-ATGCCACTGATGGAGTA-
TGAGGAGCC-3′, 451); Otx2 (5′-CCATGACCTATACTCA-
GGCTTCAGG-3′, 5′-GAAGCTCCATATCCCTGGGTGGA-
AAG-3′, 211); GAPDH (5′-ATCAAAGAAGGACTGGCGAG-
3′, 5′-CCACTCGGTTACTGTAGCCATA-3′, 401).
As donor cells, the FACS-sorted Lin−CD34− BMCs from

eGFP-transgenic mice (purity of eGFP-positive cells >85%)
were adjusted to 5× 104 cells/�l in PBS with 2% FBS for
implantation. As recipients, 2- to 3-day-old B6 mice were anes-
thetized by hypothermia on ice. Finely drawn glass micropipette
needles were backfilled with 1�l of the cell suspension, and the
suspension was slowly delivered to the SVZ (1mm left from
the midline, 0mm anterior to Bregma, and 1.5mm deep to the
dermal surface) using a dissection microscope.
At time points after implantation from 3 days up to 3 weeks,

mice to be sacrificedwere deeply anesthetized and perfusedwith
PBS via a cardiac catheter, followed by 4% paraformaldehyde.
The brains were removed, postfixed, and sliced into 2-mm thick
coronal sections with a brain-slicer (MUROMACHI). The sec-
tionswere embedded in cryo-embedding compound, frozen, and
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sectioned at 20�m thickness. For immunohistochemistry, the
VectorM.O.Mfluorescein kitwas used as described above.After
being incubated with primary antibodies: anti-MAC-1 (1:100;
No.550282, BD Biosciences Pharmingen), anti-MAP2 (1:100),
anti-GFAP (1:400) and anti-CNPase (1:400), sectionswere incu-
bated with the secondary antibody contained in the kit, and
exposed to Texas red avidin D. eGFP-positive cells and Texas
red-immunofluorescent cells were examined using confocal
microscopy. For quantitative estimation, we randomly selected

six sections of the forebrain from one animal (n= 4) for staining
the every antibody to estimate the perimeters of the grafted cells.
After RNIF treatment, bipolar and multipolar cells appeared

from Day 2 or Day 3, and spindle-shaped, flat cells and cells
with two or more long processes were more frequently observed
with longer culture periods (Fig. 1A and B). In the control
groups, these changes were seldom observed, and a significant
proportion of cells died when maintained in base medium for
>4 days (Fig. 1C). More than 30% of the cells still survived over

Fig. 1. (A and B) Culture of Lin−CD34− BMCs. After RNIF treatment, floating FACS-sorted cells began to attach to the plates and develop into heterogeneous
features. On Day 8 (A) and Day 16 (B), extensive outgrowth of cellular processes is noted. Scale bars = 100�m. (C) Survival and proliferation of Lin−CD34− BMCs
in culture without (Control) and with RNIF treatment (RNIF). A growth change of cells revealed by enumerating the cells at each time point is shown. Statistical
differences were analyzed by Student’s two-tailed t-test. (D–H) Expression of neural antigens in Lin−CD34− BMCs in vitro. After RNIF treatment, the cultured
cells were incubated with primary antibodies against nestin, TuJ1, MAP2, GFAP and CNPase, followed by incubation with biotin-conjugated secondary antibody
and Texas red avidin D (red), and counterstained with DAPI (blue). Nestin-positive cells are detected on Day 8 (D). Data show cells stained positive by anti-TuJ1
(E), MAP2 (F), GFAP (G) and CNPase (H) on Day 16, respectively. Scale bars = 100�m. (I) RT-PCR analysis of neural markers and neurogenic transcription factors
in Lin−CD34− BMCs. Transcripts for Nestin, NF-H, GABA, GFAP and MBP are absent in non-stimulated initial Lin−CD34− BMCs (Day 0), but the expression
was induced by RNIF treatment (Days 4 and 8). Expression of the transcription factors, Sox1 and Pax5, was detected in Lin−CD34− BMCs on Day 0, and increased
after 4–8 days of RNIF treatment. There was no expression of Otx2 in non-stimulated initial Lin−CD34− BMCs, but the expression was induced by RNIF treatment
for 4–8 days.
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Table 1
Percentage of cells expressing neuronal markers during differentiation in Lin−CD34− BMCs

Markers Day 4 (%) Day 8 (%) Day 16 (%)

RNIF Control RNIF Control RNIF Control

Nestin 15.3± 6.2 0 23.2 ± 9.4 0 12.7 ± 6.1 0
TuJ1 1.6± 0.8 0 13.9 ± 6 0 17 ± 7.6 0
MAP2 0 0 2.4 ± 1.1 0 7.9 ± 3.6 0
GFAP 0 0 1.2 ± 0.6 0 3.3 ± 1.3 0
CNPase 0 0 1 ± 0.7 0 2.7± 1.7 0

Lin−CD34− BMCs were grown in base medium with RNIF treatment (RNIF) or without RNIF treatment (Control), and processed for immunocytochemistry, after
4–16 days. Results shown are mean±S.E.M. from six independent experiments (n= 6).

16 days in the RNIF treatment groups (Fig. 1C). Although no
expression of neural antigens was detected in the fresh FACS-
sorted Lin−CD34− BMCs (data not shown), the expression was
induced by RNIF treatment. Data showed that cells expressed
nestin (a specific marker for neural stem cells), as well as TuJ1
(neuron-specific classIII beta-tubulin; a specific marker for
immature neurons), after 4 days of RNIF treatment (Table 1).
On Day 8, 23.2± 9.4% of the cells expressed nestin (Fig. 1D),
and 13.9± 6% for TuJ1. Furthermore, the cells could be labeled
by MAP2 (a specific marker for mature neurons), as well as an
astrocytic maker GFAP, and a specific marker for oligodendro-
cytes, CNPase. After 16 days of RNIF treatment, 12.7± 6.1%
of the cells still stained positive for nestin, and 17± 7.6%
for TuJ1 (Fig. 1E). In addition, on Day 16, 7.9± 3.6% of the
cells tested positive for MAP2 (Fig. 1F), 3.3± 1.3% for GFAP
(Fig. 1G), and 2.7± 1.7% for CNPase (Fig. 1H). On Day 4,
day 8 and Day 16, we also evaluated the expression of these
neural-specific markers in the control groups, but we could not
find any positive expression at every time point (Table 1).
ByRT-PCR, the expression of nestin, neurofilament-H (a spe-

cific marker for mature neurons), GABA (gamma-aminobutyric
acid, a specific marker for GABA-ergic neurons), GFAP and
MBP (myelin basic protein; a specific marker for oligodendro-
cytes) was detected on Day 4 and Day 8 after RNIF treatment
(Fig. 1I). In addition, we found expression of transcription fac-
tors, Sox1 and Pax5, in the primary Lin−CD34− BMCs (Day
0) by RT-PCR, and the expression increased on Day 4 and Day
8 after RNIF treatment (Fig. 1I). RNIF treatment also induced
expression of transcription factor Otx2 (Fig. 1I). We isolated
total mRNA from the cells in the control groups on Days 4 and
8, but no expression of these markers and transcription factors
was detected at either time point (data not shown).
To evaluate the neural differentiation potential of

Lin−CD34− BMCs in vivo, implanted mice were fol-
lowed up for 3 weeks. Three days after implantation, the
majority of the eGFP-positive cells were located at the site of
the injection, though some cells had begun to migrate to the
corpus callosum (CC), cortex (CTx) and caudate putamen (CPu)
(Fig. 2A). Three weeks after grafting, some eGFP-positive
cells were observed at the site of the injection, and the cells
were also localized in the caudate putamen, corpus callosum,
subcortical white matter and cortex (Fig. 2B and C). The
majority of the eGFP-positive cells were found in the section
layers near the injection site, and few cells could be detected in

the opposite cerebral hemisphere. Morphologically, these cells
were heterogeneous: some grafted cells were characterized by
a small, nonprocess-bearing morphology, and the remainder
were erose with short or longer processes (Fig. 2D). By
immunohistochemistry, 34.2± 6.6% of the eGFP-positive cells
expressed Mac-1 (a microglial marker; Fig. 2E and Table 2).
Additionally, a small percentage (1.3± 0.5%) of the grafted
cells were immunopositive for MAP2 (Fig. 2F), 3.8± 0.7% for
GFAP (Fig. 2G), and 2.5± 0.7% for CNPase (Fig. 2H).
In the present study, we isolated Lin−CD34− cells from adult

mouse bone marrow, and evaluated the neural differentiation
potential of these cells in vitro and in vivo.
After exposure to RNIF in vitro, markers specific for neural

stem cells, neurons and glial cells were identified by immunocy-
tochemistry and RT-PCR. We also cultured Lin−CD34− BMCs
in basemediumwithout RNIF. In the no-RNIF treatment groups,
nomarkers specific for neural cells were identified, and a signifi-
cant proportion of cells could not survive in basemedium.There-
fore, it seems reasonable that RNIF played an important role
not only in promoting the neural differentiation of Lin−CD34−
BMCs but also in maintaining the self-renewal or survival abil-
ity of these cells. Notably, after RNIF treatment, the expression
of nestin was detected from Day 4, and remained strong even
until Day 16. It seems that RNIF treatment could not induce all
Lin−CD34− cells toward the neurogenic differentiation path-
way to becomemature neurons or glial cells; mixed populations,
such as neural stem cells, neuron-like cells, glia-like cells and
other BMCs, coexist in the culture. We also demonstrated the

Table 2
Lin−CD34− BMCs implanted in postnatal mouse brains express microglial and
neural antigens

Markers No. of eGFP-
positive cells

No. of marker-
positive cells

Percentage of
positive cells (%)

Mac-1 278.8 ± 63.2 100.6 ± 30.5 34.2 ± 6.6
MAP2 265 ± 60.6 3.3 ± 1.7 1.3 ± 0.5
GFAP 331.5 ± 106.8 12.5 ± 4.3 3.8 ± 0.7
CNPase 296 ± 73.7 7.3 ± 2.5 2.5 ± 0.7

Three weeks after implanting eGFP-positive Lin−CD34− BMCs into the post-
natal mouse SVZ, every sixth section of the forebrain was analyzed per animal
(n= 4). A total of 24 sections were inspected for each marker. The average
numbers of the eGFP-positive cells, cells positive for each marker, and the per-
centages of the number of marker-positive cells among the total eGFP-positive
cells are shown (mean±S.E.M.).



Q. Li et al. / Neuroscience Letters 408 (2006) 51–56 55

Fig. 2. Lin−CD34− BMCs survive in the postnatal mouse brain. (A) The eGFP-
positive grafted cells (green) reside at the injection point (IP), and begin to
migrate into the corpus callosum (CC), the cortex (CTx) and the caudate putamen
(CPu), 3 days after implantation. LV, the lateral ventricles. Scale bars = 200�m.
(B and C) The grafted cells (green) reside at the IP, CC, CPu and CTx, 3 weeks
after implantation. Scale bars = 200�m. (D) Higher magnification of box in (C),
showing a variety of the grafted cells’morphologies. Scale bars = 100�m. (E–H)
eGFP expression of the grafted cells (green) colocalizes with immunostaining
with primary antibodies againstmicroglial and neural-specific proteins, followed
by incubation with biotin-conjugated secondary antibody and Texas red avidin
D (red). The grafted cells (green) are positive for MAC-1 (E), MAP2 (F), GFAP
(G), CNPase (H). Scale bars = 100�m.

expression of several neurogenic transcription factors, including
Sox1 [22], Pax5 [14] and Otx2 [20]. These transcription factors
are known to be expressed in the early stages of neuroectoderm
development and regulate neural differentiation of stem cells. In
the present study, these transcription factors seem to play central
roles in the process of induction and differentiation.
By implanting cells into the SVZ of postnatal brains, we

demonstrated that Lin−CD34− BMCswere able tomigrate from
the site of injection into the various brain regions, and some
grafted cells expressed marker-specific antigens for microglias
and neural cells. The acquisition of microglial phenotypes by
grafted Lin−CD34− BMCs clearly occurred in our implanta-
tion experiments. This would underscore the close relationship
between microglias and HSCs [6]. Several studies indicate that
bone marrow-derived stem cells can differentiate into neural
cells after injection into the brain [13,4]. In the present study,
we also observed a small number of grafted cells expressing the
neuron-, the astrocyte-, and the oligodendrocyte-specific mark-
ers.Although these grafted cells dohave an antigenic profile con-
sistent with neurons or glial cells, suggesting that Lin−CD34−
BMCscan differentiate into the neural lineage cells under certain
environmental influences such as the SVZ of postnatal brains,
their morphologies are ambiguous and they do not resemble typ-
ical in vivo neurons or glial cells. In addition, morphological,
electrophysiological and functional data are required to defini-
tively prove these neural differentiations.
Our results indicate that the CD34− populations of adult

bone marrow, which possibly contain pluripotent stem cells or
the stem cells bearing plasticity, can adopt characteristics of
neural cells. Fusion is a possible contributing factor of “trans-
differentiation” [21]. However, our in vitro data indicate that
neural phenotypes are acquired without coculture with brain-
derived cells. Moreover, different research groups have shown
that stem cells from bone marrow do not fuse with cells of host
tissues [10], and that fusion is not a contributing factor to the
neural differentiation of implanted donor cells [19,4]. We pre-
sume that the majority of the large number of donor-labeled
neural cells is a product of trans-differentiation.
Experiments using bone marrow cells from both mice and

humans suggest that the most primitive progenitors might lack
CD34 and are capable of generatingCD34+ stemcells [7].More-
over, it has been reported that the majority of HSCs are CD34−
in adult mice [9]. This work has focused on the neural differ-
entiation aspects of these Lin−CD34− BMCs in adult mice. If
similar phenomena can be found in humans, CD34− cells from
a patient’s own bone marrow would also be an ideal source for
therapeutic cell replacement in diseases or injury of the brain and
spinal cord, by obviating the problems of immunohistocompat-
ibility and pathogen transfer from donor to host.
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ABSTRACT: Cell proliferation andmatrix synthesis were compared for rat nucleus pulposus cells cocultured with mesenchymal stem cells
(MSCs) or fresh whole bone marrow cells (BMCs), harvested by the perfusion or aspiration methods. Nucleus pulposus cells were isolated
from tail intervertebral discs of F344/slc rats, and BMCs were obtained from femora. Proteoglycan synthesis, DNA synthesis, and aggrecan
mRNA expression were measured. The level of transforming growth factor-b in supernatants from the culture system was also measured.
Cell number, aggrecan mRNA expression, and uptake of [35S]-sulfate and [3H]-thymidine by nucleus pulposus cells cocultured with fresh
whole BMCs all increased significantly compared with nucleus pulposus cells cocultured with MSCs. TGF-b secreted by nucleus pulposus
cells cocultured with fresh whole BMCs also significantly increased when compared with cocultures withMSCs. The perfusionmethod was
superior to the aspirationmethod for preventing contamination of BMCswith peripheral red blood cells and lymphocytes, whichmay cause
an autoimmune response in the disc. In conclusion, we suggest that freshwhole BMCs harvested by the perfusionmethod aremore effective
for increasing the proliferative andmatrix synthesis capacity of nucleus pulposus cells. � 2008Orthopaedic Research Society. Published by

Wiley Periodicals, Inc. J Orthop Res 0:1–7, 2008
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Progressive degeneration of the intervertebral disc
(IVD) causes back pain, sciatica, and other distressing
and disabling symptoms.1,2 The IVD has a ring of
flexible fibrocartilage, the annulus fibrosus (AF), which
surrounds the soft center, the nucleus pulposus (NP).
Nucleus pulposus cells (NPCs) primarily produce
aggrecan, together with other proteoglycans, and type
II collagen and other collagens.3–5 Decreased produc-
tion of aggrecan and type II collagen by NPCs com-
promises the disc’s structure. Approaches for increasing
the proliferative capacity and matrix synthesis of NPCs
include gene therapy with transforming growth factor-b
(TGF-b)6 or Sox97 transferred into the IVD. Growth
factor induction therapies include injection of TGF-b,8,9

insulin-like growth factor (IGF),8,9 growth differentia-
tion factor-5 (GDF-5),9,10 and osteogenic protein-1
(OP-1).11

To apply these methods clinically, safety and ethical
issues must be resolved. New techniques using auto-
logous materials are required to increase the capacity of
NPCs to proliferate and synthesize matrix. These
capacities (in the notochordal disc cell phenotype) are
better maintained by using a coculture system withAF
cells; reinsertion of such stimulated NPCs into the
degenerative disc in a rabbit model was beneficial.12

Other investigators found that cell proliferation and
matrix synthesis by rabbit NPCs were significantly
increased when NPCs were grown in a novel coculture
system allowing cell-to-cell contact with autologous bone
marrow-derived stromal cells (mesenchymal cells).13

Richardson et al.14 reported that coculture of human

NPCs (mature nucleus cell phenotype) with mesen-
chymal stem cells (MSCs) caused MSC differentiation
into a NP-like phenotype only if cells had cell-to-cell
contact. Sakai et al.15 reported that the transplantation
of cultured MSCs effectively led to regeneration in a
rabbitmodel of disc degeneration. However, whether the
proliferating NPCs were permanently maintained in
vivo in the absence of such stimulators remains unclear.

TGF-b, an important cytokine affecting NPC proli-
feration, is secreted by NPCs themselves. TGF-b can
also be secreted by hematopoietic stem cells (HSCs)
and MSCs.16,17 Therefore, we suggest that MSCs and
HSCs are necessary for continuous NPC proliferation.
Peripheral lymphocytesmediate autoimmune responses
in the disc.18–21 Therefore, injection of fresh whole bone
marrow cells (BMCs) contaminated with peripheral
lymphocytes presents a potential problem for treatment.
Recently, a new method of obtaining BMCs, the per-
fusion (PF)method, was developed; briefly, bonemarrow
fluid from long bones or the ilium is flushed out using
saline.22,23 This PF method proved to be better for
prevention of peripheral blood contamination than the
conventional aspiration (AS) method.

In this study, we compared the proliferative
capacity and matrix synthesis in cultures of rat NPCs
(notochordal disc cell phenotype) cocultured with MSCs
or freshwholeBMCs.We also compared the proliferative
andmatrix synthesis capacities of the same type ofNPCs
cocultured with fresh whole BMCs harvested by the PF
or AS method.

MATERIALS AND METHODS
The animal research protocol was approved in accordance with
the Guidelines for Animal Experimentation, Kansai Medical
University. Fischer 344 (F344/slc) rats at 12–13 weeks of age
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were purchased from SLC (Shizuoka, Japan) and maintained
until use in our animal facilities under specific pathogen-free
conditions.

Rat tails were removed under aseptic conditions. Each disc
was cut transversely, and the gel-like NP was separated
from the disc. To release NPCs, the NP was treated with
0.01% trypsin (Invitrogen Corp., Grand Island, NY) at 378C for
12 min. These isolated cells were washed three times with
DMEM (Invitrogen) before collection by centrifugation at
1500 rpm. Cells were maintained in DMEM with 10% fetal
bovine serum (FBS) (Invitrogen) supplementedwith antibiotics
in a humidified atmosphere with 5% CO2 at 378C for 12 h.
Nonadherent cells were discarded and adherent cells were
released by treatment with trypsin for use in this study.

BMCs were obtained from femora by the PF method.22,23

Two 18-gauge needles were inserted into the femur (Fig. 1A).
One needle was connected to a syringe containing 5 mL of
DMEM, which was injected into the medullary cavity to flush
out the bonemarrow. Themedium containing the bonemarrow
fluid was collected in the other syringe. The AS method was
performedby inserting an18-gaugeneedle into thedistal femur
and aspirating BMCs from the medullary cavity. MSCs were
cultured as previously described.14,15 In brief, BMCs obtained

by the AS method were cultured in DMEM with 10% FBS and
antibiotics in a humidified 5% CO2 atmosphere at 378C for
2 weeks. Nonadherent cells were discarded.

NPCs (5� 104) and BMCs (5� 104) were cocultured in six-
well plates with cell culture inserts with 0.4 mm pores at
the bottom (Becton-Dickinson, Franklin Lakes, NJ). Cultures
were fed with DMEM with 10% FBS and antibiotics and were
maintained in5%CO2at 378C for 2weeks. TheNPCsandBMCs
were separated by a cell culture insert; no cell-to-cell contact
could occur.

Four protocols were established (Fig. 1): (1) NPCs were
monocultured for 2weeks; (2)NPCswere cocultured for 2weeks
with fresh whole BMCs obtained by the PF method; (3) NPCs
were cocultured for 2weekswith freshwholeBMCs obtained by
the AS method and (4) NPCs were cocultured with MSCs for
2 weeks (NPCsþMSCs).

Analyses of Red Blood Cell/White Blood Cell
(RBC/WBC) Ratios
To quantify the number of RBCs in the peripheral blood and
to assess contamination of fluid isolated by the PF and AS
methods, we counted the numbers of RBCs and WBCs to
calculate a RBC/WBC ratio.

Figure 1. BMCs were obtained from femora by the PF (A) or AS method (B). The four experimental groups (bottom) were: (1) nucleus
pulposus cells (NPCs) alone, (2) NPCsþBMCs by PF, (3) NPCsþBMCs by AS, and (4) NPCsþmesenchymal stem cells (MSCs).
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Analyses of CD4þ and CD8þ T Cells
To measure percentages of CD4þ and CD8þ T cells in the
peripheral blood mononuclear cells (PBMNCs) fraction and
in BMCs isolated by the PF and AS methods, cells were
stained with fluorescein isothiocyanate-conjugated anti-CD4
and phycoerythrin-conjugated anti-CD8 mAbs (PharMingen,
San Diego, CA). The stained cells were analyzed by FACScan
(Becton-Dickinson).

Measurement of Cell Number
The number of live NPCs was determined using a Cell
Counting Kit-8 (CCK-8; Dojindo Molecular Technology,
Kumamoto, Japan).14 This kit counts live cell numbers using
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfo-
phenyl) -2H-tetrazolium (WST-8). Adherent NPCs, regardless
of the cell cycle stage, were harvested using 0.05% trypsin. The
wells of a 96-well plate (Becton-Dickinson) containing NPCs
from all four groups were inoculated with 10 mL of prepackaged
CCK-8 solution. The plate was incubated at 378C in 5% CO2 for
2 h. Absorbance was measured at OD 450 nm. Cell counts were
determined using a calibration curve.

Quantification of Cytokines
The TGF-b1 amount in cell-free supernatants from the four
groups was quantified using an enzyme-linked immuno-
sorbent assay (ELISA) kit (BioSource Intl., Inc., Camarillo,
CA) according to the manufacturer’s protocol. Supernatants
from wells cultured for 2 days were collected, and concen-
trations were measured by absorbance at OD 450 nm.

Cell Cycle Analyses
To evaluate activation of NPCs, we analyzed cell cycle stage
using flow cytometry. Cells were treated with propidium iodide
(PI; Sigma-Aldrich Co., St. Louis, MO) and ribonuclease A
(RNase; Sigma-Aldrich). The stained cells were then analyzed
using a FACScan.

Reverse Transcription–Polymerase Chain
Reaction (RT-PCR)
Levels of mRNA for NP phenotypic markers were determined
using the sequences of primers for GAPDH, type II collagen24

and aggrecan25 (Nisshinbo, Inc., Chiba, Japan). The sequences
were: GAPDH, 50-AGAACATCATCCCTGCATCC-30 and 50-TT-
ACTCCTTGGAGGCCATGT-30; type II collagen, 50-CAAGTCG-
CTGAACAACCAGA-30 and 50-GCCCTCATCTCCACATCATT-
30; aggrecan, 50-CACAGGCAGCACAGACACTT-30 and 50-CCC-
ACTTTCTACAGGCAAGC-30. GAPDH mRNA was amplified
with a pair of primers at 948C for 1 min, 578C for 1 min, 728C for
1 min� 30 cycles, and a final extension at 728C for 10 min.
Aggrecan and type II collagen mRNA were amplified by
pairs of primers at 948C for 1 min, 578C for 1 min, 728C for
1 min� 35 cycles, and a final extension at 728C for 10 min. PCR
products were electrophoresed on a 1% agarose gel (Invitrogen),
stained with ethidium bromide (0.5 mg/mL), and visualized on a
UV transilluminator (ATTO, Tokyo).

Measurement of DNA Synthesis
DNA synthesis was assessed by measuring [3H]-thymidine
uptake (Perkin Elmer, Inc., Waltham, MA). Cultured NPCs
were released by 0.05% trypsin and transferred to 96-well
culture plates at 5� 104 per well. The NPCs were labeled
with 18.5 kBq of [3H]-thymidine per well for 2 h, and
nuclear incorporation of radioactivity was quantified. Count
per minute (CPM) was divided by number of cells.

Measurement of Proteoglycan Synthesis
Incorporation of [35S]-sulfate (American Radiolabeled Chemi-
cals, Inc., Saint Louis, MO) was measured in a 3D culture
system using alginate beads. NPCs were harvested with
0.05% trypsin. Collected cells were suspended in a solution
of 1.2% low viscosity alginate (Lonza, Walkersville, MD) at
1 million cells/mL. Semisolid spherical beads were formed by
expressing the cell suspension through a 23-gauge needle
into a CaCl2 solution (102 mM). Beads were washed
three times with 0.9% NaCl and placed into a six-well plate
(10 beads per well). The NPCs were labeled with 370 kBq of
[35S]-sulfate per well for 16 h. Beads were washed five times
with 0.9% NaCl supplemented with 5 mM CaCl2 and 5 mM
Na2SO4. The cells were then dissolved in a sodium citrate
solution (55 mM in 90 mM NaCl). Trichloroacetic acid
(TCA, final concentration¼ 10%) was added to the cell
associated matrix, and the TCA-insolvable product was
filtered on glass microfibre filters (Whatman Intl., Maidstone,
UK) and washed three times by 5% TCA, then dried by 70%
ethanol. The dried material was measured with a liquid
scintillation counter (Tri-Carb Liquid Scintillation Analyzer
2700TR: Packard Instruments, Meriden, CT). Disintegrations
per minute (DPM) of these result was divided by number
of cells.

Statistical Analyses
Analyses were accomplished with Student t-tests. Differences
were considered significant at p< 0.05.

RESULTS
RBC/WBC Ratios and Percentages of T Cells Collected
by the PF and AS Methods
The RBC/WBC ratios were >900 in the peripheral blood
and >400 in the bone marrow fluid collected by the AS
method, but <10 in the bone marrow fluid harvested
by the PF method (Fig. 2A). T cells (CD4þ and CD8þ

T cells) were >49% of the PBMNCs and >24% of BMCs
harvested by the AS method, while they constituted
<7% of BMCs harvested by the PF method (Fig. 2B).

Assessment of Cell Numbers
Cell yields in cultured NPCs from the four groups were:
(1) NPCs alone: 0.83� 105 cells; NPCsþMSCs: 1.52�
105 cells; NPCsþBMCs by PF: 2.14� 105; NPCsþ
BMCs by AS: 2.36�105 cells. The yield from NPCsþ
BMCs by PF and NPCsþBMCs by AS was significantly
increased compared to NPCsþMSCs and NPCs alone.

Measurement of Growth Factors in Culture Supernatants
Significantly more TGF-b1 was found in cultures of
NPCsþBMCs by PF and NPCsþBMCs by AS com-
pared with NPCs alone or NPCsþMSCs (Fig. 3). Fresh
whole BMCs, obtained by either method, stimulated
the secretion of TGF-b1 to a greater degree than
cultured MSCs alone.

Analyses of Cell Cycle Distribution
The percentages of cells in the G1 phase in cultures of
NPCsþBMCs by PF and NPCsþBMCs by AS were
significantly decreased compared with NPCs alone and
NPCsþMSCs (Fig. 4).
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Electrophoretic Analyses of RT-PCR Products
Expression of aggrecan mRNA in cultures of NPCsþ
BMCs by PF and NPCsþBMCs by AS was significantly
increased compared with NPCs alone and NPCsþ
MSCs (Fig. 5). In contrast, no significant differences in
levels of type II collagen mRNA were noted between the
groups.

Proteoglycan Synthesis
NPCsþBMCs by PF and NPCsþBMCs by AS both
showed significantly increased uptake compared with
NPCs alone and NPCsþMSCs (Fig. 6A).

DNA Synthesis
Cultures of NPCsþBMCs by PF and NPCsþBMCs
by AS showed significantly increased [3H]-thymidine

incorporation compared with NPCs alone and NPCsþ
MSCs (Fig. 6B).

DISCUSSION
Genetic and environmental factors cause degeneration
of the intervertebral disc. A recent report identified
genetic risk factors for lumbar disc disease.26 In the
pathogenesis of disc degeneration an important role is
played by inflammatory cytokines produced by mono-
cytes, macrophages, or disc cells.27,28 Notably, levels of
tumor necrosis factor-a (TNF-a) and interleukin-1 (IL-1)
are greatly increased in the degenerating compared
to the normal disc.27 Monocytes and macrophages
also cause autoimmune responses in the disc.18–21 On
the other hand, TGF-b and IGF-1, growth factors
secreted by NPCs, maintain cell proliferation and
matrix synthesis in the disc9,29 and are considered
major regulatory cytokines.29,30

Adult human disc cells are thus important in main-
taining IVD structure. CulturedMSCs differentiate into
NP-like cells under certain microenvironmental condi-
tions similar to those in the intact IVD, for example,
when cultured with TGF-b1 under hypoxic conditions.31

Cultured MSCs or AF cells also stimulate increased
proliferation of rabbit NPCs in vitro.12,13 Autologous cell
transplantation therapy using cultured MSCs has been
used with the aim of repairing the degenerative
disc.15,32,33 Because MSCs must be harvested over a
few weeks from fresh whole BMCs to accumulate
sufficient purified cultured MSCs for transplantation,
the need exits to develop an improved coculture system
using new materials to stimulate cultured MSCs.

Rat models are widely used in biological investi-
gations, but rat disc cells consist mainly of notochordal
cells whose phenotype differs from adult human disc
cells.34 In humans, Le Visage et al.35 reported that
coculturing disc cells with MSCs enhanced extracellular
matrix production. Because ours is a pilot study using
whole BMCs harvested by the PFmethod for delaying or

Figure 2. (A) RBC/WBC ratios in
peripheral blood and in bone marrow fluid
collected by the AS and PF methods. (B)
Percentages of CD4þ and CD8þ T cells in
the PBMNCs fraction, AS harvested
BMCs, and PF harvested BMCs. Results
are mean�SD of six rats. *p<0.05.

Figure 3. TGF-b1 in the supernatants from the four experimen-
tal groups. Results are mean�SD of six rats. *p<0.05.
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preventing degenerative disc disease, disc cells from rats
were used for availability and cost reasons. We found
that rat NPCs cocultured with fresh whole BMCs
increased in cell number, progressed through the cell
cycle, and had higher proliferation rates than NPCs
cocultured with cultured MSCs. Proteoglycan synthesis
in rat NPCs cocultured with fresh whole BMCs was
significantly greater than that with cultured MSCs.

Because TGF-b plays an essential role in the proli-
feration and matrix synthesis of rat NPCs, we assessed
its production by rat NPCs cocultured with fresh
whole BMCs and found it to be significantly increased
compared with cultures of these cells with cultured
MSCs. Therefore, we suggest thatwhole BMCs consist of
MSCs and HSCs and that MSCs may be more activated
in combination with HSCs. Furthermore, when MSCs

Figure 4. (A) Representative data of
NPCsþBMCs by the PFmethod. (B) Percen-
tages of NPCs in the G1 phase from the four
experimental groups. Results are mean�SD
of eight rats. *p<0.05.

Figure 5. (A) Representative gel of RT-
PCR products in NPCs from the four
experimental groups. Aggrecan (B) and
type II collagen (C) expression was ana-
lyzed by RT-PCR with GAPDH as the
internal control for normalization. Results
are mean�SD of six rats. *p<0.05.
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are cultured in vitro, nonadherent cells, which could be
important for activation of NPCs, may be discarded. We
suggest that fresh whole BMCs are more effective at
activatingNPCsandstimulating their proliferation than
cultured MSCs.

Although peripheral lymphocytes have been reported
to cause autoimmune responses in the degenerated disc,
it is difficult to obtain fresh whole BMCs without
peripheral lymphocyte contamination. Haufe et al.36

reported discouraging results from a trial implantation
of autologous HSCs into human degenerated IVDs.
Peripheral blood contamination may have created auto-
immune reactions that reduced the ability of HSCs to
regenerate the IVD. We developed a new harvesting
method, the PF method,22,23 which results in a signi-
ficant reduction of peripheral blood contamination
compared with the conventional ASmethod in monkeys.
In ours, we found that the PF method in rats was
significantly better than the AS method for preventing
contamination of BMCs with peripheral RBCs and
lymphocytes.

The number of disc cells is decreased in advanced
degeneration.37 A primary cause of degeneration is
failure of the nutrient supply to the disc, and that
nutrient transport is affected in degeneration.38–40

Therefore, biological treatments are ineffective in
advanced disc degeneration. Studies have shown that
the biological approach is effective in early to moderate
degenerationwhen the disc cells are viable and nutrition
is preserved.41,42 We suggest that transplantation by
injection ofwholeBMCsharvestedby thePFmethod into
early to moderately degenerative discs (Thompson
grade II or III)43 may be an effective therapy. If fresh
whole bonemarrowcells harvested by thePFmethod can
be used, treatment for early degenerationmay be simple
and safe because the PFmethod prevents contamination
with peripheral blood, which causes an autoimmune

response in the IVDandnecessitates a decreased volume
of transplantation.

In conclusion, we found that fresh whole BMCs
collected by the PF method contain important cells in
addition to adherent cells (the MSCs), which facilitate
activation of rat NPCs (notochordal disc cell phenotype).
But because human disc cells (mature nucleus cell
phenotype) are different from rat disc cells, it is unclear
whether this method can be effective in humans.
However, we believe that fresh whole BMCs collected
by the PF method will prove to be effective for
therapeutic use in treatment of degenerated IVD.
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SCIENTIFIC REPORT

Senescence in cultured trabecular meshwork cells
Yukari Yamazaki, Hiroshi Matsunaga, Maki Nishikawa, Akira Ando, Shiho Kaneko, Koji Okuda,
Mitsumasa Wada, Seiji Ito, Miyo Matsumura
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Br J Ophthalmol 2007;91:808–811. doi: 10.1136/bjo.2006.108423

Background: It has been suggested that replicative senescence
might be involved in the pathophysiology of age-related
diseases.
Aim: To study the process of senescence in trabecular mesh-
work (TM) cells.
Methods: Porcine TM tissues were obtained and placed in
primary cultures with Dulbecco’s modified Eagle’s medium/
Ham’s F-12 medium. After 2–3 weeks, migrated and prolifer-
ated TM cells were trypsinised and cultured in serial passages,
and identified with fluorescein-labelled low-density lipoprotein
(DiI-Ac-LDL), a marker of TM cells. Staining for senescence-
related b-galactosidase activity was performed at population
doubling level (PDL) 2, 8 and 16 at pH 6. Terminal restriction
fragment (TRF) length was examined by Southern blot analysis
using a 32P-labelled telomere-specific sequence (TTAGGG)3 at
each PDL.
Results: DiI-Ac-LDL staining revealed that most (nearly 100%)
of the cells in the culture were TM cells, which were flattened in
shape and positive for senescence-related b-galactosidase
staining at PDL 16. Reduction of TRF length as a function of
population doubling was also shown.
Conclusions: TM cells exhibited characteristics of senescence at
PDL 16 in vitro. The results demonstrated that cellular
senescence may be related to the pathophysiology of primary
open-angle glaucoma.

N
ormal diploid cells have a finite proliferative life span and
finally enter a non-dividing state termed senescence.1

Senescent cells are unable to duplicate themselves and
are accompanied with altered gene expression, at least when
cultured in vitro.2 It has been suggested that replicative senescence
might be involved in the pathophysiology of age-related disorders,
such as progeria and Werner’s syndrome, as well as related
atherothrombotic diseases.3–5 Primary open-angle glaucoma
(POAG) is an optic neuropathy associated with abnormally
increased intraocular pressure that can lead to blindness,
especially in elderly patients, and age- and disease-related losses
of trabecular meshwork (TM) cells have been reported in patients
with POAG.6 7 It has also been suggested that a loss of TM cells,
followed by substitution with extracellular matrix, might con-
tribute to an increased resistance to aqueous outflow in those
patients, resulting in an increase in intraocular pressure.8 9 Thus,
ageing is thought to have a relationship with the pathophysiology
of POAG. Our previous study results showed that aged retinal
pigment epithelial (RPE) cells exhibited characteristics of cellular
senescence and suggested that senescent RPE cells could be
involved in the pathogenesis of age-related macular degenera-
tion.10 TM cells are derived from the embryonic neural crest,11 and
are known to have phagocytic12 and migratory13 abilities similar to
RPE cells. Therefore, we speculated that TM cells also exhibit

Abbreviations: PDL, population doubling level; POAG, primary open-
angle glaucoma; LDL, low-density lipoprotein; TM, trabecular meshwork;
TRF, terminal restriction fragment; RPE cells, retinal pigment epithelial cells
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Figure 1 Trabecular meshwork (TM) tissue
explant (A arrowheads) and phenotypical
differences among trabecular meshwork cells
(B), corneal endothelial cells (C) and
fibroblasts from Tenon’s connective tissue
(D). Original magnification6100 (A),6400
(B–D).
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cellular senescence, which may be involved in the pathophysiol-
ogy of POAG, as it was reported previously that levels of type VI
collagen, thrombospondin and fibronectin were increased in aged
TM cells.14 In this study, we investigated whether cellular
senescence occurred in cultured TM cells.

MATERIALS AND METHODS
Tissue and cell culture
Porcine eyes were transported to our laboratory in ice-cold
saline. The eyeballs were cut and opened at a point 3 mm

posterior from the limbus under a dissection microscope. TM
tissue and Tenon’s connective tissue samples were also
obtained, and placed separately in six-well plates (Falcon,
New York, New York, USA) with Dulbecco’s modified Eagle’s
medium/Ham’s F-12 culture medium (Sigma-Aldrich, St Louis,
Missouri, USA) supplemented with 10% fetal bovine serum
(HyClone Laboratories, South Logan, Utah, USA), 100 U/ml of
penicillin and 100 mg/ml of streptomycin for 4 weeks, to allow
the TM cells and fibroblasts to migrate and proliferate. Primary
cultures of each sample were maintained in an atmosphere of

A B

C D

Corneal
sied

Corneal
siedTM TM

IRIS IRIS

Figure 2 Nomarsky view (A,C) and low-
density lipoprotein staining (B,D) of
trabecular meshwork cells (A,B) and
trabecular meshwork (TM) tissue (C,D).
Original magnification6400 (A,B),6100
(C,D).

A B

C D

Figure 3 Lysosomal (pH 4; A,C) and
senescence-related (pH 6; B,D) b-
galactosidase staining of young (PDL 2; A,B)
and senescent (PDL 16; C,D) trabecular
meshwork cells. Original magnification
6400.
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5% CO2/95% air at 37 C̊ and supplied with fresh medium once a
week. Further, corneal samples were obtained and covered with
Hanks’s balanced salt solution containing 0.025% trypsin and
0.01% EDTA for 30 min at 37 C̊ to obtain corneal endothelial
cells. TM cells obtained from confluent primary cultures were
arbitrarily designated as population doubling level (PDL) 0.
When the cells became confluent, they were subcultured at a
split ratio of 1:4 using Hanks’s balanced salt solution (Gibco,
Grand Island, New York, USA) containing 0.05% trypsin and
0.01% EDTA; thus, subcultured cells increased by two PDLs at
each passage. Cells without tissue were seeded separately in
six-well plates (Falcon), and then incubated under the same
conditions and supplied with fresh medium every 3 days.

Low-density lipoprotein staining
Cells were examined for expression of the low-density
lipoprotein (LDL) receptor, which has been shown to be a
surface marker of TM cells.15 Cells were grown in 35 mm
diameter glass-bottom dishes (Matsunami Glass, Ind., Osaka,
Japan) and incubated for 6 h in 2 ml of medium containing
20 mg of DiI-labelled acetylated LDL (DiI-Ac-LDL, Molecular
Probes, Eugene, Oregon, USA). After the dishes were washed
three times with phosphate-buffered saline (pH 7.4), they were
processed for fluorescence microscopy examinations. Corneal
endothelial cells and fibroblasts obtained from porcine eyes
were used as negative controls for DiI-Ac-LDL staining. The
samples were observed and analysed using a fluorescence
microscope (FluoView, Olympus, Tokyo, Japan).

b-Galactosidase staining
TM cells at PDL 2, 8 and 16 were trypsinised and seeded in
35 mm diameter glass-bottom dishes. Cells were incubated for
12 h under the same culture conditions as in the above
experiment to allow them to adhere to the glass bottom of
the dish, and then washed with phosphate-buffered saline and
stained for senescence-related b-galactosidase (pH 6) or
lysosomal b-galactosidase (pH 4) activities. Details of the
staining procedures have been described previously.10 16 The
cells were fixed in 3% formaldehyde for 4 min at room

temperature, washed three times with phosphate-buffered
saline, then incubated in 1 ml of a solution containing 5 mM
of X-gal in 40 mM of citric acid–sodium phosphate buffer (pH
6) at 37 C̊ in air for 8 h to develop the blue colour in senescent
cells. Control incubations were performed at pH 4 to show the
presence of lysosomal b-galactosidase in all cells. Samples were
examined with a bright field microscope (IMT-2, Olympus)
equipped with a computer-controlled display camera (HC-1000,
Fujix, Tokyo, Japan).

Measurements of mean terminal restriction fragment
lengths
Mean terminal restriction fragment (TRF) length was analysed
using a method previously described,10 17 18 with a slight
modification. Genomic DNA was isolated from TM cells at PDL
2, 8 and 16. Cells were lysed in a lysis buffer (150 mM NaCl,
10 mM Tris–HCl, 10 mM EDTA and 0.1% sodium dodecyl
sulphate) containing 0.1 mg/ml of proteinase K (Sigma-Aldrich).
Samples were incubated at 55̊ C for 30 min and subsequent DNA
extraction was performed as described previously.17 Each DNA
sample was limit digested with the restriction enzymes Rsa I and
Hinf I, to yield terminal restriction fragments containing the
telomere and a small amount of sub-telomeric DNA sequence.
Each sample (1 mg) was subjected to electrophoresis on a 0.7%
agarose gel in 16 Tris–acetate–EDTA buffer for 200 V-h, then
transferred onto a Hibond-N+ (Amersham Biosciences,
Piscataway, New Jersey, USA) membrane and hybridised with a
32P-labelled telomere-specific oligonucleotide of TTAGGG3. After
washing with saline sodium citrate containing 0.1% sodium
dodecyl sulphate at 42̊ C for 5 min, the membranes were exposed
to x ray films (Fujifilm, Tokyo, Japan).

RESULTS AND DISCUSSION
TM cell morphology
TM cells migrated from TM tissue and proliferated to form
colonies around each TM tissue specimen (fig 1A), and showed
a cell shape (fig 1B) that was different from fibroblasts and
corneal endothelial cells. Corneal endothelial cells showed a
round or hexagonal shape, with a cobblestone-like phenotype
(fig 1C), whereas fibroblasts from Tenon’s connective tissue
showed a spindle-like shape with a longitudinal axis (fig 1D).

LDL staining
Nearly all the cultured TM cells at PDL 2 showed a cell shape
identical (fig 2A) to that seen in the primary culture (fig 1B)
and were strongly positive for DiI-Ac-LDL staining, a reported
previously 15 surface marker of TM cells (fig 2B). LDL staining
was also performed with TM tissue (fig 2C) to confirm whether
in situ TM cells expressed the LDL receptor, and those cells were
also positive for DiI-Ac-LDL (fig 2D). By contrast, corneal
endothelial cells and fibroblasts from Tenon’s connective tissue
were negative for LDL staining (data not shown).

Upregulation of senescence-related b-galactosidase in
senescent TM cells
TM cells were flattened in shape at PDL 16 (fig 3C,D) as
compared with those at PDL 2 (fig 3A,B). TM cells at PDL 2
were positive only for lysosomal b-galactosidase staining (pH 4;
fig 3A) and not for senescence-related b-galactosidase staining
(pH 6; fig 3B). On the other hand, senescent TM cells at PDL 16
stained positive for both senescence-related b-galactosidase
(fig 3D) and lysosomal b-galactosidase (fig 3C).

Reduction of TRF length in senescent TM cells
A reduction in TRF length in relation to PDL was shown by
genomic Southern blot analysis, as the chromosomal telomeres
became shorter with increased numbers of passages (fig 4). TM

(PDL) 2 8 16

(kbp)

20

15

Figure 4 Results of terminal
restriction fragment length analysis.
Telomere shortening associated with
multiple passages of trabecular
meshwork cells was seen.
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cells exhibited a mean TRF length of approximately 16, 15 and
14.5 kb at PDL 2, 8 and 16, respectively.

DISCUSSION
Cellular senescence is characterised by telomere loss and altered
gene expression,1 2 and senescent cells are unable to duplicate
and have altered functional characteristics. Takeda et al19

reported that human skin fibroblasts showed similar modula-
tions in the expression of extracellular matrix components
during ageing in in vitro and in vivo experiments, whereas we
previously found that cultured human RPE cells exhibited
characteristics of cellular senescence.10 Further, Tombran-Tink
et al20 showed that age-related down regulation of pigment
epithelium-derived factor, a protein possessing neurotrophic
and neuronal-survival activities, occurred in cultured fetal
monkey RPE cells.
In this study, TM cells exhibited characteristics of senescence

at PDL 16 in vitro, as well as a shorter replicative life span and
longer TRF length with senescence, as compared with the RPE
cells in our previous report. We consider that these differences
might have been because the RPE cells were from an
established cell line, whereas the TM cells were from primary
cultures. However, the differences may also have been due to
cellular differences between human and porcine specimens.
Additional experiments are required to understand the patho-
physiology of POAG. Nevertheless, if senescent cells are shown
to accumulate with age, cellular senescence may play an
important role.
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a b s t r a c t

Following hair cell elimination in severely traumatized cochleae, differentiated supporting cells are often
replaced by a simple epithelium with cuboidal or flat appearance. Atoh1 (previously Math1) is a basic
helix–loop–helix transcription factor critical to hair cell differentiation duringmammalian embryogenesis.
Forced expression of Atoh1 in the differentiated supporting cell population can induce transdifferentiation
leading to hair cell regeneration. Here, we examined the outcome of adenovirus mediated over-expression
of Atoh1 in the non-sensory cells of the flat epithelium. We determined that seven days after unilateral
elimination of hair cells with neomycin, differentiated supporting cells are absent, replaced by a flat
epithelium. Nerve processes were also missing from the auditory epithelium, with the exception of infre-
quent looping nerve processes above the habenula perforata. We then inoculated an adenovirus vector
with Atoh1 insert into the scala media of the deafened cochlea. The inoculation resulted in upregulation
of Atoh1 in the flat epithelium. However, twomonths after the inoculation, Atoh1-treated ears did not exhi-
bit clear signs of hair cell regeneration. Combinedwith previous data on induction of supporting cell to hair
cell transdifferentiation by forced expression of Atoh1, these results suggest that the presence of differen-
tiated supporting cells in the organ of Corti is necessary for transdifferentiation to occur.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

The cochlear sensory epithelium contains two types of differen-
tiated epithelial cells: hair cells and supporting cells. When hair
cells degenerate, supporting cells expand and replace them to
maintain a confluent layer of cells lining the scala media and sep-
arating endolymph from perilymph. In some cases, supporting cells
in lesioned ears remain differentiated and the organ of Corti main-
tains its tall appearance despite the lack of hair cells. However, in
many cases the supporting cells that remain after hair cell loss do
not maintain their differentiated state. As a result, the area of the
organ of Corti becomes a flat or cuboidal simple epithelium with
no patterned organization (Forge et al., 1998; Kim and Raphael,
2007). The condition of supporting cells in deaf ears will dictate
the choice of therapy, once therapies such as hair cell regeneration
or stem cell implantation become a reality.

The flat epithelium has been described after several types of
trauma. For instance, ears that receive cochlear implants often
exhibit a flat epithelium in both human and animal models (Nadol

et al., 1994). A variety of etiologies may lead to degeneration of the
auditory epithelium to the flat state, including severe presbycusis
(Bhatt et al., 2001), extremely severe ototoxic injury (Coco et al.,
2007; Forge et al., 1998; Kim and Raphael, 2007) or hereditary
cochlear pathologies (Webster, 1992). In many cases, the loss of
hair cells does not initially involve supporting cell degeneration,
but over time the non-sensory auditory epithelium is replaced by
a flat epithelium. Because of the prevalence of this pathology in
humans, the flat epithelium constitutes the substrate for potential
future therapy in many clinical cases. It is therefore important to
characterize the flat epithelium and determine how it responds
to therapeutic manipulations.

In the present study, we have used the neomycin model to elim-
inate hair cells and induce transformation of supporting cells into
the flat epithelium state. We tested the ability of the flat epithe-
lium to be transduced with an adenovirus and whether forced
expression of a developmental gene, Atoh1, in the flat epithelium
can induce transdifferentiation of these cells into new hair cells.
Atoh1 is the mouse homolog of the Drosophila gene atonal, a basic
helix–loop–helix transcription factor that acts as a ‘pro-hair cell
gene’ (Jones et al., 2006). Forced expression of Atoh1 in deaf ears
with differentiated supporting cells can induce transdifferentiation
of these supporting cells to new hair cells (Izumikawa et al., 2005;
Shou et al., 2003).

0378-5955/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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We found that the adenovirus-mediated expression of a repor-
ter gene in the flat epithelium was robust. However, forced expres-
sion of Atoh1 did not induce noticeable changes in the morphology
of the flat epithelium. The results point to the importance of
designing ways to prevent supporting cell degeneration and indi-
cate that once the auditory epithelium is flat, therapies other than
Atoh1 over-expression should be considered.

2. Materials and methods

2.1. Animals

All animal experiments were approved by the University of
Michigan Institutional Committee on Care and Use of Animals
(UCUCA) and performed using accepted veterinary standards. We
used 72 young adult guinea pigs (Elm Hills Breeding Laboratory).
At the beginning of the experiments, animals weighed 250–400 g
and displayed normal Preyer’s reflex. All animals were deafened
unilaterally with neomycin (see below) and received one of the fol-
lowing treatments: Ad.Atoh1 (n = 33), Ad.Atoh1-GFP (n = 21),
Ad.GFP (n = 3), Ad.empty (adenovirus with no gene insert) (n = 9),
artificial endolymph (NaCl 1 mM, KCl 126 mM, KHCO3 25 mM,
MgCl2 0.025 mM, CaCl2 0.025 mM and K2HPO4 1.4 mM) (n = 2)
and deafening alone (n = 4).

2.2. Deafening and inoculation surgery

All animals were deafened unilaterally (left ear), with a single
bolus injection of 60 ll of 10% neomycin (Pharma-Tek, Huntington,
NY) diluted in sterilized water. Neomycin was selected at this con-
centration because it leads not only to complete elimination of all
hair cells in turns 1–3 of the guinea pig cochlea, but also to a dras-
tic change in the morphology of supporting cells. The animals were
anesthetized by the combination with Rompun (intramuscularly,
xylazine, 10 mg/kg, Bayer, Shawnee Mission, KS, USA) and Ketalar
(intramuscularly, ketamine HCl, 40 mg/kg, Parke Davis, Morris
Plains, NJ, USA). We injected 1% lidocaine hydrochloride (subcuta-
neously, 0.5 ml) for local anesthesia in the postauricular region.
The animals were placed at a prone position on a heated pad. An
incision was made along the left postauricular region. The tempo-
ral bone was exposed and then opened by scalpel drilling and for-
ceps to gain a view of the entire round window membrane. Using
the bent tip of a 30 gauge needle and a 100 ll Hamilton syringe,
60 ll of 10% neomycin was injected into the scala tympani through
the round window membrane, over 1 min. After the injection, the
opening in the temporal bone was closed with carboxylate cement
(Duleron) and the skin was sutured in two layers.

The vectors or artificial endolymph were inoculated into the
scala media of left ear seven days after the deafening surgery, using
the procedure described previously (Ishimoto et al., 2002) except
that inoculation was into the second turn of the cochlea. Animals
were sacrificed and prepared for morphological analysis (immuno-
cytochemistry, plastic sections or SEM) six days after deafening, or
two months after viral vector inoculation. In addition, a group of
animals (N = 4) was used for immunocytochemical detection of
Atoh1 gene expression at a time point seven days after viral vector
inoculation.

2.3. Adenoviral vectors

We used advanced generation replication-deficient recombi-
nant adenoviral vectors with E1, E3 and partial E4 regions deleted
(Brough et al., 1997). The vectors were Ad.Atoh1, Ad.Atoh1-GFP,
Ad.GFP and Ad.empty. All vectors were provided by GenVec Inc.
(Gaithersburg, MD, USA). The Atoh1 gene insert was driven by

the human cytomegalovirus promoter and the GFP gene was driven
by the chicken beta-actin promoter. We used undiluted vectors at a
concentration of 1 � 1012 particles purified virus per ml. The viral
suspensions were stored at �80 �C until thawed for use.

2.4. Immunocytochemistry

Animals were deeply anesthetized with xylazine and ketamine
as above, decapitated, and the temporal bones were removed. The
inner ears were perfused with 4% paraformaldehyde in phosphate
buffered saline (PBS) for 2 h. Further dissection was performed to
remove the stria vascularis, Reissner’s membrane and the tectorial
membrane. Then the tissue was permeabilized with 0.3% Triton-�-
100 in PBS for 10 min. Non-specific binding of secondary antibody
was blocked with 5% normal goat serum in PBS for 30 min. Immu-
nocytochemistry was performed using primary antibodies: a
mouse monoclonal anti-neurofilament 200 kDa antibody (Sigma,
St. Louis, MO, diluted 1:200) or mouse monoclonal anti-Atoh1
(Hybridoma Core, University of Iowa), followed by a secondary
antibody, a goat monoclonal anti-mouse conjugated to rhodamine
(Jackson ImmunoResearch, West Grove, PA) for 30 min. To double
stain for actin, we used FITC-conjugated phalloidin (Molecular
Probes, Junction City, OR, diluted 1:200). The specimens were fur-
ther dissected to separate individual cochlear turns and mounted
on glass slides using CrystalMount (Biomeda, Foster City, CA).
The samples were examined and photographed using a Leica
DMRB epifluorescence microscope (Leica, Eaton, PA) with a Cooled
SPOT-RT digital camera (Diagnostic Instruments, Sterling Heights,
MI).

2.5. Scanning electron microscopy

Animals were deeply anesthetized (as described above) and
perfused transcardially with 0.15 M cacodylate buffer, followed
by 2% glutaraldehyde in the same buffer. Cochleae were removed
and the otic capsule opened to continue fixation for 2 h. The tissues
were postfixed using the osmium thiocarbohydrazide method (Os-
borne and Comis, 1991). The specimens were dehydrated with eth-
anol and dried by the critical point method with CO2 in a SamDri-
790 (Tousimis, Rockville, MD). The samples were fixed to stubs
with silver paste and photographed digitally using a Philips XL30
Field Emission Gun scanning electron microscope (FEI, Hillsboro,
OR).

2.6. Plastic sections

Animals were anesthetized and decapitated and the temporal
bones removed and placed in 4% paraformaldehyde in PBS for
2 h. The otic capsule was dissected away and the modiolus along
with the organ of Corti, were decalcified for a 2–3 days in 3% EDTA
with 0.25% glutaraldehyde. Once tissues appeared soft, specimens
were postfixed with 1% osmium tetroxide in phosphate buffer,
dehydrated in ethanol and embedded in Embed 812 epoxy resin.
Sections were obtained with glass knives and photographed using
a Leica DMRB microscope.

3. Results

Morphological analysis reported here is based on observations
in the first three turns of the cochlea. Little variation was seen
among individuals. In normal ears that were not deafened, the
combined staining with phalloidin and neurofilament shows pres-
ence of hair cells and nerves extending in the direction of the hair
cells (Fig. 1a). In contrast, in animals sacrificed at six days after the
deafening procedure, whole-mounts of the organ of Corti stained
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with phalloidin show that hair cells are absent and the reticular
lamina lacks orderly organization (Fig. 1b). The typical organiza-
tion of supporting cells in the organ of Corti is not present and rows
of cells cannot be distinguished. Instead, irregular intercellular bor-
ders reveal an epithelium in which cell contour is variable and dis-
tinctively different from the normal organ of Corti.

Double-stained tissues in which phalloidin was applied in con-
junction with the neurofilament antibody reveal that hair cells are
absent, the remaining cells do not maintain the typical organiza-
tion of the organ of Corti, and neuronal processes are not extending
in the direction of the area where hair cells usually reside (Fig. 1c).
Neurites are present medially of where the organ of Corti would
have been, close to the habenula perforata. Occasionally, 1–2 neu-
ral processes are found looping into the sensory epithelium.

In animals that were deafened with neomycin, inoculated with
Ad.Atoh1 and sacrificed seven days later, high efficiency of Atoh1
transgene expression is observed in non-sensory cells that remain
in the auditory epithelium, as determined by use of Atoh1-specific
antibodies (Fig. 1d). The density of Atoh1-positive nuclei was high-
est in the area adjacent to the inoculation site, where it exceeded
50% efficiency. The efficiency decreased with distance from the
inoculation site. Control animals that were deafened and then
inoculated with Ad.empty or not inoculated at all were negative
for the Atoh1 antibody (not shown).

Plastic sections of ears obtained six days after the deafening
procedure show that no hair cells survive in the tissue, and also
that supporting cells in a differentiated state are not found either
(Fig. 2). The epithelium on the basilar membrane is simple, and
cells appear cuboidal or flat. The sites of the habenula perforata
and the vas spiral are visible. Supporting cells that are usually
found in and around the organ of Corti are not identifiable.

SEM analysis of the cochlea at six days after the deafening
showed complete absence of hair cells in the epithelium (Fig. 3a).
In ears deafened with neomycin, inoculated with artificial endo-
lymph a week later, and sacrificed two months after the inocula-
tion (Fig. 3b), the morphology was similar to that seen in ears
that were deafened with no further treatment. Hair cells were
not seen and the apical contour of the auditory epithelium lacked
an organized pattern. In deafened ears inoculated with Ad.Atoh1
and sacrificed two months (Fig. 3c) or 10 weeks later (Fig. 3d) no
hair cells could be identified and the morphology was similar to
that seen in the deafened ears that received no further treatment
(Fig. 3a). In all ears presented in Fig. 3, the non-sensory cells lacked
regular organization and hair cells could not be found.

Fig. 1. Whole-mounts of the auditory epithelium stained with markers for neurofilament, actin or Atoh1 and photographed with epifluorescence. (a) Fluorescent phalloidin
(green) shows the distribution of actin in the normal auditory epithelium, depicting the outer pillar cells (P) and a normal array of hair cells and supporting cells. Co-
localization with neurofilament (red) shows radial fibers extending towards the outer hair cell area and longitudinal fibers near the 3rd row outer hair cells. (b) Phalloidin
staining six days after neomycin administration shows that hair cells are absent. The auditory epithelium consists of non-sensory cells with irregular apical junctional
contours. (c) Double-staining with phalloidin and neurofilament antibody reveals absence of hair cells and lack of radial nerve fibers six days after neomycin. A small number
of fibers extend and loop into the auditory epithelium. (d) A cochlea deafened with neomycin and inoculated with Ad.Atoh1 seven days later. High efficiency of gene
expression is detected by nuclear staining of Atoh1-specific antibody. Bar = 30 lm.

Fig. 2. A plastic cross section of the auditory epithelium six days after neomycin
showing absence of hair cells and of differentiated supporting cells. The auditory
epithelium consists of a monolayer of flat epithelial cells. The habenula perforata
(HP) and vas spiral (VS) provide landmarks for localization in the tissue. The flat
epithelium extends to areas flanking the original site of the organ of Corti. SM, scala
media; ST, scala tympani. Bar = 20lm.
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4. Discussion

The data show that six days after placing neomycin in the peri-
lymph neither hair cells nor differentiated supporting cells can be
found. The rapid and devastating effect of this ototoxic regimen on
hair cells has been described in the past (Jyung et al., 1989; Zappia
and Altschuler, 1989). In this study, we show an equally devastat-
ing effect on supporting cells, such that the epithelium replacing
the organ of Corti is flat and neuronal fibers are absent. We also
show that this transformation has negative implications for adeno-
virus mediated therapeutic treatments. Adenovirus transduction of
the tissue is substantial but less robust than in differentiated sup-
porting cells. Forced expression of Atoh1 in the flat epithelium does
not lead to appearance of new hair cells.

The mechanism inducing transformation of differentiated sup-
porting cells to an undifferentiated flat epithelium after hair cell
removal is not clear. If kanamycin and ethacrynic acid are used
to eliminate hair cells, supporting cells can remain differentiated
for up to 10 weeks in the guinea pig model (Izumikawa et al.,
2005) and perhaps longer. Presence of differentiated supporting
cells in deaf ears with no hair cells was shown using other models
(Sugawara et al., 2005). Together, these data suggest that the loss
of hair cells is not sufficient to cause the loss of differentiated sup-
porting cells. It may be that the supporting cells, themselves, are
sensitive to extremely ototoxic aminoglycosides such as neomycin.
Furthermore, this might not be the only reason for flattening of the
auditory epithelium. In some experimental conditions, supporting
cells become flat a long time after the ototoxic insult, suggesting
that secondary degeneration may take place (Forge et al., 1998).
This might be attributed to a mechanism that is distinct from the
direct effects of the ototoxic drugs. Thus, several factors may deter-
mine the survival or degeneration of non-sensory cells in the audi-
tory epithelium. Our results suggest that future reparative
approaches will be more successful when differentiated supporting
cells remain in the tissue, and therefore it will be important to

understand the transition to the flat epithelium and design ways
to prevent it.

Phenotypic (immunocytochemical) characterization of the flat
epithelium will help to determine the identity of these cells and
facilitate attempts to manipulate these cells for therapeutic pur-
poses. Several proteins have already been detected in this epithe-
lium. For instance, these cells connect to each other with tight
junctions, as determined by the presence of ZO-1 immunoreactiv-
ity, and express the supporting cell marker S-100 (Kim and Ra-
phael, 2007). More complete molecular characterization will help
determine whether these cells are de-differentiated supporting
cells of the organ of Corti (such as Deiters, pillar or Hensen cells),
and/or cells that have migrated from the flanking areas such as
the inner or outer sulcus.

In birds, ototoxic lesions that deplete hair cells leave behind dif-
ferentiated supporting cells and regeneration occurs spontane-
ously (Cotanche, 1999; Stone and Rubel, 2000; Stone et al.,
1998). A more severe lesion that also influences the supporting
cells has been accomplished with noise (Cotanche et al., 1995). In
such cases, non-sensory cells that flank the basilar papilla can mi-
grate into the sensory epithelium, as may be the case in the flat
epithelium. These cells then become the therapeutic target for
regenerative attempts or insertion of stem cells. Previous data
show that cell migration is indeed possible in the auditory epithe-
lium in mammals (Forge et al., 1998).

Better understanding of the biology of the flat epithelium will
assist in advancing tasks such as integration of stem cells, enhance-
ment of neuronal survival or induction of transdifferentiation to
the hair cell phenotype. In mammals, the flat epithelium can un-
dergo a robust proliferative phase (Kim and Raphael, 2007). This
may be of help for designing therapies and inserting genes or stem
cells. More work is necessary to characterize the origin of these
cells, their general biology and their amenability to take up exter-
nal molecules or vectors for gene delivery. It will be important to
identify surface receptors on these cells that will allow the design

Fig. 3. SEM images of the surface of the auditory epithelium in ears treated with neomycin. (a) In a cochlea obtained six days after neomycin administration, the epithelium is
completely devoid of hair cells. The apical contour of cells is disorganized and irregular but the border area with Hensen cell region (H) is visible. (b) A cochlea treated with
neomycin, inoculated with artificial endolymph a week later and sacrificed two months after the inoculation showing similar surface morphology to that seen in (a). (c, d) In a
deafened cochlea inoculated with Ad.Atoh1 and obtained two months (c) or 10 weeks later (d), no hair cells are seen. A few cells with apical morphology resembling pillar
cells (P) are sometimes seen (c). The surface morphology is similar to deafened ears that received no Ad.Atoh1 (a, b). Bar = 20lm.
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of gene transfer vectors that will have specificity to these cells. It
will also be necessary to determine if these cells are heterogenous
in their origin and characteristics, as tentatively suggested by their
pattern of transduction with adenovirus, with only a sub-popula-
tion showing positive transgene expression.

The inability of Atoh1 to induce transdifferentiation of flat non-
sensory cells to new hair cells may be related to the state of differ-
entiation of the epithelium. Specifically, the fate of developing cells
that express Atoh1 (in the inner ear and elsewhere) depends on the
context determined by previous developmental gene expression in
each of these tissues. The expression of Atoh1 is usually a final step
in differentiation. Thus, forced expression of Atoh1 would be ex-
pected to exert different developmental outcomes depending on
the developmental history of the cell. The current findings show
that the flat epithelium fails to undergo transdifferentiation fol-
lowing forced expression of Atoh1 and suggest that the flat epithe-
lium has regressed to a very early state of differentiation and no
longer presents the commitment to the hair cell or supporting cell
phenotype. Based on the lack of response to Atoh1, it can be
assumed that the flat epithelium is less differentiated than cells
in the vicinity of the organ of Corti, such as interdental cells, where
forced Atoh1 expression induces ectopic hair cell formation
(Kawamoto et al., 2003; Minoda et al., 2007).

These findings are important for conceptual and practical ther-
apeutic approaches for hair cell regeneration. When considering
transdifferentiation therapy, rebuilding the auditory epithelium
may need to begin with inducing forced expression of early devel-
opmental genes, perhaps as early as otocyst specific genes that in-
duce formation of the sensory areas, the epithelial ridges of the
developing cochlear epithelium. Once expression of these early
developmental genes recreates that epithelial ridge, Atoh1 over-
expression may be used as a final stage for inducing generation
of new hair cells.

Better understanding and ability to manipulate the flat epithe-
lium may also be of help for enhancing cochlear implant proce-
dures. The present data show a complete lack of hair cells along
with a near complete loss of nerve fibers in the auditory epithe-
lium. However, we found that some nerves continued to meander
in the epithelium despite the lack of hair cells, possibly looking for
a target. Similar findings were reported in other models (Bohne
and Harding, 1992; Strominger et al., 1995). The maintained ability
of neurons to meander in the deafened epithelium, which appears
to occur after several etiologies for hair cells loss, is important for
the feasibility of innervating therapeutically-placed new hair cells
or stem cells. However, the degree of neural survival may depend
on the state of the supporting cells in the auditory epithelium
(Sugawara et al., 2005). It would be important to characterize this
correlation in human temporal bones, where deafferented spiral
ganglion neurons tend to survive to a larger extent than in lab
animals.

In conclusion, our data confirm that the neomycin model is an
efficient method for creating a flat epithelium in the cochlea. We
demonstrate that adenovirus is a useful gene carrier into the flat
epithelium and Atoh1 does not induce transdifferentiation of the
flat epithelium into new hair cells. As such, it is necessary to design
ways to prevent degeneration of supporting cells in ears depleted

of hair cells, and to direct specific therapies in cases where the flat
epithelium does occur.
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Abstract
Sensorineural hearing loss, which is often caused by degeneration of hair cells in the auditory
epithelium, is permanent because lost hair cells are not replaced. Several conceptual approaches can
be used to place new hair cells in the auditory epithelium. One possibility is to enhance proliferation
of non-sensory cells that remain in the deaf ear and induce transdifferentiation of some of these cells
into the hair cell phenotype. Several genes, including p27Kip1, have been shown to regulate
proliferation and differentiation in the developing auditory epithelium. The role of p27Kip1 in the
mature ear is not well characterized. We now show that p27Kip1 is present in the nuclei of non-sensory
cells of the mature auditory epithelium. We determined that forced expression of Skp2 using a
recombinant adenovirus vector, resulted in presence of BrdU-positive cells in the auditory
epithelium. When SKP2 over-expression was combined with forced expression of Atoh1, ectopic
hair cells were found in the auditory epithelium in greater numbers than were seen with Atoh1 alone.
Skp2 over-expression alone did not result in ectopic hair cells. These findings suggest that the
p27Kip1 protein remains in the mature auditory epithelium and therefore p27Kip1 can serve as a target
for gene manipulation. The data also suggest that induced proliferation, by itself, does not generate
new hair cells in the cochlea.

Keywords
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1. Introduction

The sensory epithelium of hearing in mammals consists of terminally differentiated epithelial
cells: sensory hair cells and non-sensory supporting cells. These cells are quiescent in
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mammals. Therefore, hair cell degeneration is irreversible and leads to sensorineural hearing
loss. One potential therapy for hearing loss is induction of hair cell regeneration in the organ
of Corti, the sensory region of the auditory epithelium.

Recent data demonstrate that forced expression of genes encoding hair cell development can
induce transdifferentiation of non-sensory cells into new hair cells in the developing (Woods
et al., 2004; Zheng and Gao, 2000) and mature organ of Corti (Izumikawa et al., 2005;
Kawamoto et al., 2003; Shou et al., 2003). As therapy, this procedure would be suboptimal
because transdifferentiation of supporting cells into new hair cells does not involve mitosis in
the tissue. Thus, formation of new hair cells would reduce the number of supporting cells and
compromise the ability to restore normal cochlear structure and function. In birds, where hair
cell regeneration leads to functional recovery (Dooling et al., 1997; Marean et al., 1995;
Niemiec et al., 1994; Saunders et al., 1992), non-sensory cells divide after a lesion to the
epithelium (Hashino and Salvi, 1993; Raphael, 1992; Stone and Cotanche, 1994). To induce
proliferation in the mature organ of Corti as part of the reparative process, it may be necessary
to manipulate expression of genes that regulate cell cycle.

Among the genes that regulate cell-cycle proteins in the developing inner ear are p27kip1 (Chen
and Segil, 1999; Lowenheim et al., 1999), Ink4d (Chen et al., 2003) and Rb1 (Sage et al.,
2005). Cell proliferation past the normal developmental cessation of mitosis has been shown
in these transgenic mice. The ability to remove the inhibition of cell cycle in the mature inner
ear, in a cell or organ specific manner, may potentially be used for developing clinical therapy
for hair cell regeneration. One important step for inducing proliferation in the mature auditory
epithelium is to identify and localize the cell cycle regulating molecules that are present in the
tissue. This set of experiments was designed to determine whether p27Kip1 is present in the
mature guinea pig auditory epithelium and to test outcome of blocking this protein with Skp2.

p27Kip1 is a cyclin-dependent kinase-2 (cdk-2) inhibitor (Sherr and Roberts, 1999). p27kip1

acts as a negative regulator of the G1–S transition of the cell cycle (Harper, 2001). Skp2 is an
F-box protein and substrate of recognition component of Cullin 1 (CUL1) for SCF ubiquitin
ligase (Nakayama et al., 2000). Skp2 induces the G1 to G0 transition of the cell cycle through
ubiquitination of p27kip1 and cyclin E (Nakayama KI, 2001). As such, it may be used to
antagonize the inhibition exerted on cell cycle by p27Kip1. During inner ear development in
the mouse embryo, a down-regulation of Skp2 expression was noted to coincide with onset of
p27Kip1 expression in the non-sensory cells of the auditory epithelium (Dong et al., 2003).

Removal of inhibition on cell cycle in the auditory epithelium may not necessarily lead to
formation of new hair cells. In birds and other non-mammalian vertebrates, the process of hair
cell regeneration occurs spontaneously, with or without mitosis (Cotanche, 1997; Stone and
Rubel, 2000). In mice with dysfunctional p27Kip1 supernumerary hair cells are formed (Chen
and Segil, 1999; Kanzaki et al., 2006; Lowenheim et al., 1999). The outcome of inducing cell
proliferation in the mature auditory epithelium is unknown. If new cells do not take up the hair
cell phenotype, it may be necessary to induce transdifferentiation with forced expression of
genes such as Atoh1. Atoh1 (formerly Math1) is a basic helix-loop-helix (bHLH) transcription
factor that is essential for generating hair cells in developing inner ear (Bermingham et al.,
1999; Chen et al., 2002; Zine et al., 2001).

After maturation of hair cells in developing mammals, the expression of Atoh1 is down-
regulated (Zheng et al., 2000). However, over-expression of Atoh1 (or its homologs) in cultures
of developing or mature rat cochleae results in the production of ectopic hair cells derived from
non-sensory epithelial cells (Shou et al., 2003; Zheng and Gao, 2000). Over-expression of
Atoh1 has also been shown to generate new hair cells in mature guinea pig cochleae in vivo
(Izumikawa et al., 2005; Kawamoto et al., 2003). The goal of our experiments was to localize
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p27Kip1 in the mature auditory epithelium, to determine if forced expression of SKP2 can
induce proliferation in the tissue and to assess the potential for generation of new ectopic hair
cells by SKP2 alone versus SKP2 in combination with Atoh1 over-expression. We demonstrate
that p27Kip1 is present in numerous types of non-sensory cells in the mature auditory epithelium
and that over-expressing Skp2 can induce proliferation but no ectopic new hair cells are formed.
Forced expression of SKP2 in combination with Atoh1 increases the number and alters the
pattern of ectopic hair cell generation as compared with Atoh1 alone.

2. Materials and methods

Animal care and use were approved by institutional UCUCA committee and conformed to
National Institutes of Health guidelines.

Adenovirus vectors

The vectors Ad.Atoh1 (5.2 × 1011 pfu/ml) and Ad.empty (5.1 × 1011 pfu/ml) were based on
human adenovirus serotype 5 with E1, E3 and E4 regions deleted, as described previously
(Brough et al., 1996). Ad.SKP2 (1.0 × 1012 pfu/ml) was constructed using the AdEasy system
(He et al., 1998). Expression of the transgene insert in each of these vectors was driven by the
human cytomegalovirus promoter. The recombinant adenoviruses were amplified and
propagated as described previously (Gervais et al., 1998).

Animals and inoculation surgery

We used adult guinea pigs weighing 300–500 g at the beginning of the experiment. We
inoculated 5 �l of the adenovirus vector or control solution into the 2nd turn scala media of the
left ear, as previously described (Ishimoto et al., 2002). Briefly, animals were anesthetized with
Rompun (i.m., xylazine, 10 mg/kg, Bayer, Shawnee Mission, KS) and Ketalar (i.m., ketamine
HCl, 40 mg/kg, Parke Davis, Morris Plains, NJ). Chloramphenicol sodium succinate (i.m., 30
mg/kg) was administered as prophylaxis and 0.3 ml of 1% lidocaine HCl was injected
subcutaneously in the post-auricular and neck areas, for local anesthesia. The animals were
placed in a supine position on a thermo-regulated heated pad. Ventral skin was incised
paramedially and the tympanic bulla was exposed. After opening the bony bulla, the lateral
cochlea was revealed. A small perforation was made in the bone above the pigmented area of
the stria vascularis using a fine surgical needle. A microcanula was inserted into the scala media
through the perforation. The circumference of the inserted microcanula was sealed and covered
with carboxylate cement (Durelon, 3M, St. Paul, MN).

To inoculate the fluid into the endolymph, we used a microcanula driven by an
electromechanical infusion pump (Harvard Apparatus, Holliston, MA) operated at a rate of 1
�l/ml over 5 min. To inoculate Ad.SKP2 and Ad.Atoh1 combined, the two vector solutions
were combined at a volume ration of 1:1 resulting in 50% reduction in the concentration of
each vector. Once the inoculation was complete, a layer of carboxylate cement was placed over
the inoculation site to minimize the leak from the fenestration after removing the canula. The
incision was closed in two layers.

Scanning electron microscopy

SEM was performed in order to determine the distribution and the number of ectopic hair cells.
We used 8 animals for the group receiving both Ad.SKP2 Ad.Atoh1, 5 animals for the Atoh1
alone group, 5 animals for the SKP2 alone group, 5 animals for the artificial endolymph group
and 5 animals for the Ad.empty group. Animals were deeply anesthetized, exsanguinated and
systemically perfused with glutaraldehyde (2% in phosphate buffer). Immediately following
the perfusion, animals were decapitated, the temporal bones removed from the skull and the
cochleae opened at the apical tip and the round and oval windows and immersed in fixative.
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Two hours later, the bony wall at was removed along with the lateral wall tissues (stria
vascularis and spiral ligament) to reveal the surface of the sensory epithelium. In all samples,
SEM evaluation was performed in areas including (from medial to lateral) the interdental cell
region, the inner sulcus and the organ of Corti. Images were collected from all cochlear turns.

SEM analysis was performed for localizing and counting ectopic hair cells. To be counted, hair
cells had to be localized to an ectopic site in the interdental cell area or the inner sulcus, and
exhibit two or more stereocilia on the apical surface. The area immediately adjacent to the site
of inoculation was excluded from the statistical analysis, because tissue in this area may have
responded to the mechanical trauma (of the inoculation) as well as the presence of the
transgenes.

Immunohistochemistry

Whole mounts of the auditory sensory epithelium and surrounding tissues were used to localize
p27Kip1, Atoh1 and SKP2. To localize p27Kip1 in the auditory epithelium, we stained normal
guinea pig cochleae from 4 animals with a monoclonal anti-mouse antibody specific to
p27Kip1 (Neomarkers, Fremont, CA), diluted 1:200. To localize Atoh1 and SKP2 after
combined Ad.Atoh1 and Ad.SKP2 inoculation, we obtained cochleae from 4 animals, 4 days
after the inoculation. Contralateral ears served as controls. We fixed cochleae in 4%
paraformaldehyde in phosphate buffer, pH 7.4, removed the spiral ligament, stria vascularis
and tectorial membrane and then permeabilized the tissue with 0.3% Triton X-100 in PBS with
1% goat serum for 10 min. Nonspecific binding of secondary antibodies was blocked with 5%
BSA in PBS for 20 min. Tissues were reacted with primary antibody, rinsed and incubated
with the secondary antibody. Specimens were mounted on glass slides using Crystal Mount
(Biomeda, Foster City, CA). To perform double staining of Atoh1 and SKP2, we used a primary
anti-Atoh1 monoclonal antibody (1:4 dilution, University of Iowa Hybridoma Core) and a
rabbit polyclonal anti-SKP2 antibody (1:300 dilution, Santa Cruz Biotechnology, Santa Cruz,
CA). Secondary antibodies were TRITC-conjugated goat anti-mouse (diluted 1:200, Jackson
ImmunoResearch, West Grove, PA) and FITC-conjugated goat anti-rabbit (diluted 1:300,
Jackson ImmunoResearch). Samples were evaluated under a Leica DMRB epifluorescence
microscope (Leica, Eaton, PA) using 40x and 100x oil objectives and a CCD-Cooled SPOT-
RT digital camera (Diagnostic Instruments, Sterling Heights, MI).

BrdU study

This experiment was done to determine the uptake of BrdU by cells undergoing DNA synthesis.
BrdU was given to 6 animals from the Ad.SKP2 group and 4 animals that received Ad.empty.
Contralateral ears of these 10 animals served as additional controls. BrdU was administered in
the drinking water from day 1 to day 14 after the inoculation of the viral vector(s). Two weeks
after the surgery, all animals were euthanized and their ears and gut (positive control) were
prepared for immuno-staining with anti-BrdU antibody. The cochleae were fixed with 4%
paraformaldehyde in phosphate buffer, pH 7.4, permeabilized in 0.3% Triton X-100, incubated
with 3% hydrogen peroxide for 30 min, immersed in 2N HCl for 30 min, and then incubated
with mouse monoclonal antibody against BrdU (Sigma, Saint Louis, MO) for 30 min. A
peroxidase-conjugated secondary anti-mouse antibody (ABC kit, Vector Laboratories,
Burlingame, CA) was used, followed by DAB. After completion of immuno-staining,
specimens were decalcified in 3% EDTA for 7 days, embedded in JB-4 resin (Electron
Microscopy Sciences, Hatfield, PA) and sectioned (5 �m thickness). Every third section was
collected, so that a given nucleus could only be counted once. Sections were mounted on glass
slides and observed using light microscopy. The presence of BrdU-positive cells was assessed
in 50 sections taken from serial sections of inoculated ears.
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Data analysis

All analyses were performed using SPSS 13. Because of the small sample sizes, Fisher's exact
test for the 2×2 contingency table comparing BrdU uptake between Ad.SKP2 treated animals
and controls. A one-sided t-test was used to test the hypothesis that treatment with both Atoh1
and SKP2 produced more ectopic hair cells than treatment with Atoh1, alone.

3. RESULTS

p27Kip1 is expressed in the mature auditory epithelium in and around the organ of Corti

We used antibodies to localize to p27>Kip1 in whole-mounts of the normal mature auditory
epithelium. The whole-mounts included tissues from the interdental cell layer (medially) to
the outer sulcus (laterally). At a focal plane just above the basilar membrane, staining was
detected in nuclei of Deiters and pillar cells within the sensory epithelium, and in Hensen cells
(Fig. 1A). The staining intensity in Hensen cells was invariably higher compared to supporting
cells in the sensory epithelium. At a slightly higher focal plane Hensen cell nuclei were strongly
positive whereas hair cells were all negative (Fig. 1B). Other non-sensory cells that were
p27Kip1 positive were inner sulcus cells and the interdental cells on the limbus (data not shown).

Over-expression of Skp2 induces proliferation in the auditory epithelium

In animals that received BrdU for 2 weeks following the Ad.SKP2 inoculation, and sacrificed
2 weeks later, several BrdU positive cells were found in the interdental cell area (Fig. 2) and
the inner sulcus (data not shown). Some of the BrdU positive cells appeared in pairs. In the
plastic sections we examined, cells within the organ of Corti did not exhibit BrdU staining. All
6 Ad.SKP2 inoculated animals that received BrdU had BrdU-positive cells, whereas none of
the 4 control animals that received BrdU, but not Ad.SKP2, had positive cells. Fisher's exact
test of the corresponding 2×2 contingency table indicates this difference in BrdU uptake is
significant (p=0.005). The number of BrdU positive cells in each section was between 5 and
10, suggesting that with extrapolation the total number per ear could have reached many
hundreds.

Gene Expression of Atoh1 and Skp2

The dual inoculation with Ad.Atoh1 and Ad.SKP2 was done by mixing equal amounts of each
vector prior to inoculation. This leads to a dilution of each vector to half its original
concentration and therefore to an overall reduction in the efficiency of gene expression. As
such, the number of cells that are transduced by both vectors is limited. Cells expressing the
Atoh1 and SKP2 transgenes are seen in the interdental cell region (Fig. 3A), in the organ of
Corti, and in Hensen cell area (Fig. 3B). Staining for these transgenes was confined to the
nucleus. The images were obtained at a focal plane immediately beneath the luminal surface.
As expected, most transduced cells expressed only one transgene but dually transduced cells
were found in all samples of the experimental group. Animals that received control inoculations
did not show any positive staining with antibodies to these two proteins.

Ectopic hair cells

SEM analysis revealed numerous ectopic hair cells in ears inoculated simultaneously with
Ad.Atoh1 and Ad.Skp2 (Fig. 4 A-C). Inoculation of Ad.Atoh1 alone also induced generation
of ectopic hair cells (Fig. 4B), but their number was smaller than that seen in the combined
Atoh1 and SKP2 group. The mean number of ectopic hair cells ± standard deviation in the
2nd turn of the 8 cochleae that received the combined (Atoh1 and SKP2) inoculation was 17.8
± 17.4. In the group receiving the Ad.Atoh1 alone (5 animals) the mean number of ectopic hair
cells was 1.40 ± 1.67. Thus the combined treatment produced more ectopic hair cells than did
treatment with only Atoh1 (p=0.017).
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In the combined group, the highest number of ectopic hair cells was found near the site of
inoculation. In this area, some of the ectopic hair cells existed in pairs (Fig. 4D). Some of the
new hair cells exhibited a long and/or thick kinocilium-like projection in addition to the
stereocilia (Fig. 4C and E). There were no ectopic hair cells in the cochleae of guinea pigs
inoculated with the Ad.SKP2 vector alone. Ad.empty or artificial endolymph inoculations did
not lead to formation of ectopic hair cells either (data not shown).

4. DISCUSSION

Our data show that p27Kip1 is expressed in non-sensory cells flanking the organ of Corti of the
mature guinea pig. We demonstrate that forced expression of SKP2 leads to proliferation in
non-sensory cells around the organ of Corti and that combined inoculation of Ad.SKP2 and
Ad.Atoh1 enhances the number of newly generated ectopic hair cells as compared to over-
expressing Atoh1 alone.

The presence of p27Kip1 in non-sensory cells of the membranous labyrinth has previously been
documented in the developing mouse cochlea (Chen and Segil, 1999; Dong et al., 2003;
Lowenheim et al., 1999). The present study extends the finding to the guinea pig model and
provides whole-mount analysis that allows for the detection of the protein in large experimental
fields. The data reveal that p27Kip1 expression is maintained into adulthood in supporting cells
of the organ of Corti as well as in areas outside the organ of Corti. Interestingly, the staining
intensity appeared weaker in the supporting cells of the sensory epithelium (Deiters and pillar
cells) as compared to Hensen cells which flank the sensory epithelium. The reason for this
difference is unclear.

In p27Kip1 null mice, proliferation of non-sensory cells continues in the organ of Corti, leading
to generation of supplementary hair cells (Chen and Segil, 1999; Lowenheim et al., 1999). In
the mature guinea pig ears examined in this study, forced expression of SKP2 did not cause a
notable presence of BrdU-positive cells in the organ of Corti proper. BrdU-positive cells were
localized in areas flanking the sensory epithelium. It is presently unclear why the localization
of proliferation site differs between the two models.

The number of ectopic cells generated by Atoh1 over-expression alone is limited (Izumikawa
et al., 2005; Kawamoto et al., 2003). The ability of SKP2 to increase the number of ectopic
cells generated by Atoh1 suggests that therapies for cell cycle enhancement and
transdifferentiation can be combined. It also indicates that mature non-sensory cells that
undergo cell division can respond to the developmental signals provided by Atoh1. The data
suggest that in areas adjacent to the organ of Corti the expression of SKP2 leads to proliferation
of the non-sensory cells, which by itself is not sufficient for generating new hair cells. These
findings are in agreement with the outcome of disrupted p27Kip1 in mice, where the number
of hair cells is increased only in the organ of Corti and not in areas flanking the sensory
epithelium (Chen and Segil, 1999; Kanzaki et al., 2006; Lowenheim et al., 1999), despite the
fact that cell division continues in flanking areas (Chen and Segil, 1999). Our overall
interpretation of these data is that p27Kip1 blocks proliferation in non-sensory cells in and
around the organ of Corti, and that in the absence of this block, new cells that are generated in
the organ of Corti proper can become new hair cells without further intervention. In ectopic
areas, however, it is necessary to force expression of hair cells genes such as Atoh1 to generate
new hair cells.

The area immediately adjacent to the site of inoculation was excluded from the statistical
analysis, because tissue in this area responded to the mechanical trauma (related to the
inoculation) as well as the presence of the transgenes. Therefore the numbers presented here
may represent an underestimate of the total number of newly generated hair cells. The area of

Minoda et al. Page 6

Hear Res. Author manuscript; available in PMC 2008 October 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the organ of Corti was also excluded from the counting, because the procedure was performed
on non-deafened guinea pigs. Many hair cells degenerate in response to the procedure of
endolymphatic inoculation, and regenerated hair cells could have taken their place. However,
we were unable to distinguish between original hair cells and possibly regenerated hair cells
within the organ of Corti and therefore did not count hair cells in this area.

The increase in ectopic hair cell number and the presence of paired hair cells following the
combined treatment with SKP2 and Atoh1 indicate that new hair cells may be generated via
mitotic division followed by transdifferentiation. This finding has important implications for
future clinical use of hair cell regeneration therapy. The fact that post-mitotic cells can attain
the hair cell phenotype is encouraging in that these cells are less likely to continue dividing
and form a tumor. It is also important to observe that non-sensory cells retain their
responsiveness to Atoh1 after division. This is not trivial, because these cells de-differentiate
morphologically in order to divide. However, the data corroborate finding in vertebrates other
than mammals, including avian species, where mitotic transdifferentiation is the main
spontaneous route of hair cell regeneration.

Ectopic hair cells were not found following forced expression of SKP2 alone, despite the
presence of BrdU positive cells. This suggests that proliferation by itself is insufficient for
inducing generation of new hair cells in the mature ear. This finding appears to contrast with
the situation in the developing ear of mice with loss of function of p27Kip1 or Rb1, where the
cell cycle regulation is disrupted and the phenotypic outcome is excessive number of hair cells
(Chen and Segil, 1999; Lowenheim et al., 1999; Sage et al., 2005). It is possible that once an
animal is mature, the addition of supernumerary hair cells due to the defect in cell cycle
regulation is reduced, as seen in mature mice deficient for p27Kip1 (Kanzaki et al., 2006).

In this study, the forced expression of SKP2 and Atoh1 was accomplished by two different
viral vectors, one for each gene. For several reasons, this approach leads to a small number of
cells that are transduced by both vectors. First, mixing Ad.Atoh1 and Ad.SKP2 prior to
inoculation dilutes the concentration of each vector by 50%, thereby lowering the overall
efficiency of transgene expression. Second, the chance for a cell to be transduced by both
vectors is further reduced. The timing of vector delivery may also matter for maximizing the
effect on proliferation and transdifferentiation. In these experiments, the vectors were applied
simultaneously, which may have further compromised production of a large number of new
hair cells. The efficiency of generating new hair cells would likely be enhanced by utilization
of a virus vector encoding both Skp2 and Atoh1, which would increase the rate of cells
simultaneously expressing both transgenes, and/or by optimized timing for sequential use of
the vectors.

The presence of newly generated cochlear hair cells does not necessarily imply that hearing
improves toward normal hearing. It is possible that tinnitus may also result from the new hair
cells, and the presence of ectopic hair cells further complicates the physiological outcome.
Interestingly, mice with deficient p27Kip1 expression have very poor hearing (Chen and Segil,
1999; Kanzaki et al., 2006; Lowenheim et al., 1999). It is currently unclear whether the
functional quality of hair cells the arise due to p27Kip1 deficiencies is lacking in some way, or
if other problems in these mice, in the ear and elsewhere, contribute to the deficiency. The next
step in assessing the feasibility of the combined SKP2 / Atoh1 treatment would be histological
and physiological assessment of such therapy in deafened mature mammals.

Manipulation of cell cycle regulation for therapeutic purposes is usually aimed at treating
cancer, by stabilizing and enhancing p27Kip1 expression (Sumimoto et al., 2005; Supriatno et
al., 2005). In contrast, our study looked at the effects of antagonizing p27Kip1 by over-
expressing SKP2. This strategy is relevant to cases where adding new cells may contribute to

Minoda et al. Page 7

Hear Res. Author manuscript; available in PMC 2008 October 1.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the therapeutic goals. Promoting cell cycle with SKP2 has also been attempted in cultured
primary hepatocytes and in hepatocytes in vivo and resulted in mitosis in hepatocytes that were
otherwise quiescent (Nelsen et al., 2001). Although this therapy is attractive, it would be
important to improve the control of gene expression to ascertain that proliferation remains
limited in place and time so as not to promote tumor formation.

In addition to p27Kip1, enhanced proliferation in the post-mitotic organ of Corti has been shown
with disruption of cell cycle regulatory gene Rb1 (Sage et al., 2005). It is presently unclear if
the two genes act on the same signaling cascade in regulating cell cycle arrest in non-sensory
cells of the auditory epithelium. Based on studies in other tissue models, it is possible that Rb1
represses Skp2 resulting in stabilizing p27Kip1, leading to arrest of the cell cycle (Ji and Zhu,
2005). Better understanding of the specific role of each gene in regulating proliferation in the
auditory epithelium will help design robust yet well regulated means for increasing the number
of cells in the tissue. This is important, because therapy for hair cell regeneration based on
transdifferentiation of non-sensory cells requires that a large enough number of supporting
cells remain in the deaf auditory epithelium.

The results we present do not provide evidence for a direct causative relationship between
SKP2 and p27Kip1. It is possible that proliferation due to SKP2 forced expression is
accomplished by another signaling cascade, not directly involving p27Kip1. Further work is
necessary for elucidating the molecular signaling initiated by SKP2 in non-sensory cochlear
cells resulting in a proliferative response in these cells.

In conclusion, we determined that p27Kip1 is expressed in the mature auditory epithelium in
the organ of Corti and in adjacent regions. Co-expression of Ad.Atoh1 and Ad.SKP2 enhances
the number of ectopic hair cells compared to Atoh1 over-expression alone. Forced expression
of SKP2 alone induces proliferation but does not enhance generation of new hair cells. These
findings demonstrate that targeted enhancement of proliferation is by itself insufficient for
inducing hair cell regeneration, but when combined with forced expression of Atoh1,
regeneration in the mature auditory epithelium can be enhanced. The data suggest that therapies
can be designed to induce proliferation in the auditory epithelium by removing the inhibition
on cell cycle.
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Figure 1.
The normal distribution of p27Kip1 in mature guinea pig ears shown by immunofluorescence
on whole-mounts of the auditory epithelium. A. At a focal plane immediately above the basilar
membrane positive nuclei are found in Deiters cells (rectangle), Hensen cells (square) and inner
pillar cells (round nuclei at bottom of image). Spindle shaped mesothelial cells located beneath
the basilar membrane display background level staining (arrow). B. At a higher focal plane,
p27Kip1 positive nuclei are found in Hensen cells (top rectangle) whereas nuclei of hair cells
are at background staining level (bottom rectangle). Bar, 10 �m for A and B.
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Figure 2.
Plastic sections of the auditory epithelium of an Ad.SKP2 treated ear (A) and an Ad.empty
control ear (B) stained with antibody to BrdU. A. Numerous BrdU-positive cells are found in
the interdental cell region (arrows). B. No BrdU-positive cells are seen in a control ear. Bar,
25 �m for A and B.
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Figure 3.
Epi-fluorescence images of whole-mounts of the organ of Corti double immuno-labeled for
Atoh1 (green) and SKP2 (red) 4 days after Ad.Atoh1 and Ad.SKP2 inoculation. Images were
obtained immediately beneath the luminal surface. A. In the interdental cell region, numerous
cells are stained for Atoh1 or SKP2, and a small number of cells (yellow) express both proteins
(arrows). B. In the organ of Corti and Hensen cell area, several cells (arrow) are yellow
indicating dual expression of SKP2 and Atoh1 while others express either Atoh1 (green) or
SKP2 (red). Dashed lines delimit regions within the tissue. Bar, 20 �m.
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Figure 4.
SEM images of interdental cell area (2nd turn) 2 months after inoculation of Ad.Atoh1 and
Ad.SKP2 (A and C-F) or Ad.Atoh1 alone (B). A. Numerous ectopic stereocilia bundles on the
limbus, reaching to the area where Reissner's membrane is inserted. B. A single ectopic bundle
among interdental cells on the limbus. C. An enlarged area in (A) showing stereocilia bundles
in an ectopic location on the limbus. Some bundles contain a graded array of stereocilia and
others are rather disorganized. A kinocilium-like projection is seen on some of the bundles. D.
Two ectopic hair cells appearing as a pair . E. Some ectopic hair cells appear like immature
cells and exhibit a long and/or thick kinocilium-like protrusion (arrow). F. An ectopic hair cell
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with a staircase organization of stereocilia and a projection that appears like a kinocilium
(arrow). Bars, 30 �m in A, 10�m in B, C, 5�m in D, 2 �m in E, and 3 �m in F.
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Suggested Cover Image.
SEM micrograph of an ectopic hair cell residing on the spiral limbus following inoculation of
adenoviral vectors expressing Atoh1 and SKP2 into the cochlear endolymph of guinea pigs.
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Abstract

In epithelial sheets, clearance of dead cells may occur by one of several routes, including extrusion into the lumen, phagocytic clear-
ance by invading lymphocytes, or phagocytosis by neighboring cells. The fate of dead cochlear outer hair cells is unclear. We investigated
the fate of the ‘‘corpses’’ of dead outer hair cells in guinea pigs and mice following drug or noise exposure. We examined whole mounts
and plastic sections of normal and lesioned organ of Corti for the presence of prestin, a protein unique to outer hair cells. Supporting
cells, which are devoid of prestin in the normal ear, contained clumps of prestin in areas of hair cell loss. The data show that cochlear
supporting cells surround the corpses and/or debris of degenerated outer hair cells, and suggest that outer hair cell remains are phago-
cytosed by supporting cells within the epithelium.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The process of cell death during development and in
mature tissues has been extensively studied. Cells can be
eliminated either by their neighbors or by professional
scavengers such as macrophages. In both cases, specific
molecules mediate cell–cell signaling associated with clear-
ance of cell corpses, sending ‘‘find-me’’, ‘‘eat-me’’ and
‘‘don’t-eat-me’’ signals (Lauber et al., 2004). In sheets of
epithelial cells, the highly regulated process of cell elimina-
tion is particularly important because of the need to main-

tain structural and functional integrity of the luminal
surface (Rosenblatt et al., 2001).

The organ of Corti is the auditory sensory epithelium of
mammals. It consists of a highly organized mosaic of hair
cells and supporting cells. The strictly organized pattern of
the organ of Corti makes it a useful model for studying the
process of cell death and elimination. One type of hair cell
in the mosaic is the outer hair cell (OHC). OHCs enhance
the sensitivity and frequency selectivity of the organ of
Corti mainly through the action of the membrane motor
protein prestin (Belyantseva et al., 2000; Dallos and Fakler,
2002; Zheng et al., 2000). OHC death in mammals leads to
a hearing deficiency that is permanent, because lost hair
cells do not spontaneously regenerate (Daudet et al.,
1998; Engstrom et al., 1970; Hawkins, 1973; Spoendlin,
1976; Wang and Li, 2000; Yamasoba et al., 2003). When
hair cells die, the adjacent supporting cells quickly expand
in a highly regulated manner and quickly close the gap that
would be left by damaged hair cells (Forge, 1985; Leonova

0378-5955/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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and Raphael, 1997; Raphael and Altschuler, 1991a,b). Sites
of hair cell degeneration where supporting cells seal the
luminal surface are called phalangeal scars. The fate of
the damaged or dead hair cells remains unknown. In
exploring how the ‘‘corpses’’ of hair cells are removed from
the epithelium, it is important to consider whether injured
or damaged hair cells are ejected from the organ of Corti
and removed by the immune system, or whether they
remain within the organ of Corti where they are engulfed
by neighboring supporting cells or invading phagocytic
cells.

The aim of this study was to investigate the fate of OHC
corpses following cochlear insults that lead to hair cell
degeneration. We used ototoxic drugs or acoustic overstim-
ulation to induce hair cell death. The level of prestin

mRNA in the cochlea decreased after the insult. Prestin,
an OHC protein that is normally absent from supporting
cells (Belyantseva et al., 2000; Dallos and Fakler, 2002;
Zheng et al., 2000), was used as a marker to identify intact
OHCs and remnants of damaged OHCs. Using whole
mounts and transverse sections of the organ of Corti, we
found that sites of hair cell loss consisted of scarring sup-
porting cells and prestin aggregates. Overall, the data sug-
gest that supporting cells phagocytose injured or dead hair
cells and/or their debris.

2. Experimental procedures

2.1. Animals and deafening

All animal experiments were approved by the University
Committee on Use and Care of Animals at the University
of Michigan. We used young adult male guinea pigs (pig-
mented SPF animals from Elm Hill Breeding Labs,
Chelmsford, MA) and 30–60-day old CD-1 mice of either
sex (Charles River Breeding Labs, Wilmington, MA). In
guinea pig experiments, hair cell lesions were induced by
ototoxic insult or noise exposure. For ototoxic deafening,
guinea pigs (N = 11) were given kanamycin (American
Pharmaceutical Partners, Inc., Schaumburg, IL) and ethac-
rynic acid (Sodium Edecrin, Merck and Co., Inc., West
Point, PA), as follows: a single dose of kanamycin
(500 mg/kg, s.c.) was injected, followed 2 h later by ethac-
rynic acid (50 mg/kg, i.v.). Four of the 11 guinea pigs deaf-
ened with ototoxic drugs were inoculated with an
adenoviral vector with a GFP gene insert (Ad.GFP) (Gen-
Vec, Gaithersburg, MD) 7 days after the deafening, to label
supporting cells. These animals were sacrificed 4 days later
and prepared for CFM analysis for prestin and GFP. For
inducing acoustic lesions, guinea pigs (N = 2) were exposed
for 4 h per day on two consecutive days to noise with a
bandwidth of 1–20 kHz at an intensity of 120 dB SPL.
Lesions in mice were produced by noise overstimulation.
Eighteen mice (N = 12 for qRT-PCR and N = 6 for immu-
nocytochemistry) were exposed to noise with a bandwidth
of 1–20 kHz at an intensity of 120 dB SPL for 4 h. Animals
with normal ears were used as controls (N = 4 guinea pigs,

N = 3 mice for histocytochemistry and N = 8 mice for
qRT-PCR).

2.2. Inoculation of guinea pig cochlea with Ad.GFP

To enhance visualization of scarring supporting cells, we
expressed GFP in these cells. Deafening was performed
with kanamycin and ethacrynic acid as described above.
Seven days later, Ad.GFP was inoculated into the endo-
lymph of the left cochlea. The inoculation was performed
as previously described (Ishimoto et al., 2002) except that
the vector solution was inoculated into the scala media of
the apical turn. The adenovirus vector was replication-defi-
cient recombinant adenoviruses with deleted E1, E3, and
E4 regions (Brough et al., 1997). We used undiluted vectors
at a concentration of 1 · 1012 total particles purified virus
per milliliter.

2.3. Tissue dissection and fixation for histology

Animals deafened with ototoxic drugs were sacrificed 2,
4 or 9 days after the insult. Animals exposed to noise were
sacrificed 6–7 days after the insult. Animals (mice or guinea
pigs) were anesthetized with ketamine (Ketaset, Fort
Dodge Animal Health, Fort Dodge, IA) and xylazine
(AnaSed, Shenandoah, IA), decapitated, and their tempo-
ral bones removed. Inner ears were dissected out and per-
fused with 4% paraformaldehyde in PBS. Temporal
bones were then incubated for 1 h at room temperature
in the same fixative. Tissues were rinsed with PBS and
the bone surrounding the organ of Corti was removed. Tis-
sues were rinsed several times in PBS to remove debris. One
cochlea of each animal was stained for fluorescence analy-
sis and prepared as a whole mount of the organ of Corti.
The other cochlea was stained with antibodies and 3,3 0-
diaminobenzidine tetrahydrochloride (DAB, Sigma Chem-
ical Co., St. Louis, MO) and embedded in plastic for
sectioning.

2.4. Staining for fluorescence analysis of prestin, F-actin,

GFP and DNA

Tissues were permeabilized with 0.3% Triton X-100
(Sigma Chemical Co., St. Louis, MO) for 1 h then rinsed
thoroughly in PBS. To reduce non-specific antibody bind-
ing, tissues were incubated in a solution of 5% normal goat
serum (Vector Laboratories, Inc., Burlingame, CA) and 2%
bovine serum albumin (Sigma Chemical Co., St. Louis,
MO) in PBS for 2 h, or 5% donkey serum (Jackson Immu-
noResearch Laboratories, West Grove, PA) for 30 min.
Tissues were then rinsed in PBS and incubated with a pres-
tin-specific rabbit antibody (a kind gift of Dr. Bechara
Kachar, NIH-NIDCD) at a concentration of 0.0023 lg/
ml, or with a goat anti-prestin antibody (1:100; Santa Cruz
sc-22692). After a 10 min PBS rinse, tissues were incubated
for 30 min with a secondary antibody (goat anti-rabbit or
donkey anti-goat, both rhodamine-conjugated, Jackson
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ImmunoResearch Laboratories) diluted 1:200 in PBS and
rinsed. Samples were then incubated for 30 min in fluores-
cein-conjugated phalloidin (Molecular Probes, Eugene,
OR) diluted 1:100 in PBS. For a third stain, tissues were
labeled with Hoechst 33342 (Molecular Probes) as
described previously (Raphael, 1993). In ears inoculated
with Ad.GFP, whole mounts were stained for prestin as
described above, and then with GFP-specific mouse mono-
clonal antibody (MAB3580 diluted 1:200; Chemicon,
Temecula, CA) followed by Alexa Fluor 488 conjugated
secondary anti-mouse antibody (A21202 diluted 1:200;
Molecular Probes). All incubations were done at room
temperature.

After labeling, organ of Corti tissues were thoroughly
rinsed in PBS, and carefully dissected away from the modi-
olus. Individual turns were mounted on slides in GelMount
anti-fading medium (Biomeda Corp., Foster City, CA),
cover slipped, and viewed with a Leica DMRB fluorescence
microscope. Images were obtained with the appropriate fil-
ters using a digital monochrome Spot camera (Diagnostic
Instruments, Inc., Sterling Heights, MI). Analysis of deaf-
ened ears inoculated with Ad.GFP was performed using an
Olympus Fluoview 500 confocal laser scanning microscope
(CFM) using a 40· oil objective and Fluoview Ver. 4.3
software (Olympus, Japan). GFP staining was scanned by
Argon laser (488 nm), and prestin staining by HeNe(G)
laser (543 nm). Optical sections were 1 lm thick.

2.5. Staining and preparation of plastic sections

We used a pre-embedding staining protocol. Fixation,
permeabilization, blocking, and primary antibody staining
were as described above. Tissues were then stained with
rabbit IgG VectaStain ABC Kit (Vector Laboratories
Inc., Burlingame, CA) followed by DAB. Tissues were
incubated in anti-rabbit IgG biotinylated antibody diluted
1:200 in PBS for 45 min. After two PBS rinses, they were
incubated in a solution consisting of two drops each of
Solutions A and B in 10 mL PBS. Antibody detection
was then achieved by placing the tissue in a DAB solution
(20 mL PBS, 5 lL 30% H2O2, and one dissolved 10 mg
DAB tablet) until a brown coloration appeared in the tis-
sue (7–12 min). Then, cochleae were rinsed and decalcified
in 3% EDTA with 1% glutaraldehyde until soft.

Decalcified cochleae were rinsed with phosphate buffer
(pH 7.2), dehydrated in a series of increasing ethanol con-
centrations, and impregnated with increasing concentra-
tions of Epon (Electron Microscopy Sciences, Fort
Washington, PA) in propylene oxide (Electron Microscopy
Sciences). Cochlear turns were cut apart, leaving the tecto-
rial membrane intact. Samples were embedded in fresh
Epon resin, and placed in a 60 �C oven for 2 days. Blocks
were sectioned for light microscopy at a thickness of 1 lm
on a Leica Ultracut R microtome. Sections were counter-
stained with toluidine blue, either lightly to gain optimal
view of the prestin-specific immuno-staining pattern, or
heavily, to enhance analysis of the cytoarchitecture of the

organ of Corti. Light microscope analysis and photomi-
crography were performed using a Leica DMRB upright
photomicroscope. Samples were photographed on Kodak
color slides which were digitized using a Polaroid Sprint-
Scan 35 Plus scanner. Ultrathin sections were obtained
using a diamond knife, stained lightly with uranyl acetate
and lead citrate and observed with a Phillips CM 100
TEM equipped with a digital camera.

2.6. Image processing

Adjustment of image contrast, superimposition of
images, and colorization of monochrome fluorescence
images were performed using Adobe Photoshop.

2.7. RNA isolation and quantitative real-time polymerase

chain reaction (qRT-PCR)

We used qRT-PCR to determine how prestin mRNA
levels change upon OHC loss. Mice were exposed to noise
and euthanized 6 or 7 days later. Cochlear tissues were
obtained, the otic capsule removed and the soft tissues
(modiolus, sensory epithelium, stria vascularis, and spiral
ligament) dissected in cold PBS and transferred to a chilled
lysis buffer. Tissues collected from two mice (four cochleae)
were pooled together and frozen at �80 �C until RNA iso-
lation was performed. A total of six pools of tissues were
collected from 12 noise-exposed mice and four pools from
eight non-exposed control mice.

Total RNA was isolated using a RNeasy Micro kit (Qia-
gen Inc. Valencia, CA) that included a DNase treatment
to remove residual genomic DNA. RNA was eluted in
DEPC-treated water and subjected to quality and quantity
assessments using Agilent Bioanalyzer 2100 (Agilent Tech-
nologies; New Castle, DE). Total RNA (average 0.2 lg per
pool) was reverse transcribed using RNase H-MMLV
(SuperScript III, Invitrogen; Carlsbad, CA) and oligo
(dT)12–18 (500 ng) at 50 �C for 1 h, followed by RNase H
treatment to remove RNA templates. The synthesized first
strand cDNAs were diluted 1:10 with water and subjected
to qRT-PCR analysis using gene-specific primers and Taq-
Man probes for prestin and Rps16 (Assays-on-Demand and
Assays-by-Design, respectively; Applied Biosystems Inc).
Rps16 encodes ribosomal protein S16 and serves as an
internal standard for normalization because its expression
is relatively unchanged by noise trauma (our unpublished
data). The thermocycling conditions were: 95 �C for
10 min to activate Taq polymerase, followed by 40 cycles
of amplification at 95 �C for 15 s alternating with 60 �C
for 1 min. Relative expression levels of prestin were first
adjusted to S16 mRNA levels within each sample. Fold
change in prestin mRNA level between noise-exposed and
non-exposed control mice was calculated based on the ratio
of the adjusted prestin expression levels in the noise-
exposed group to the average value of the controls. Fold
change was subjected to statistical analysis by a two-tailed
unpaired t-test.
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3. Results

To demonstrate the specificity of the prestin staining
procedure and to confirm the location of prestin in normal
tissue, we examined transverse sections of organ of Corti
tissues from untreated mice stained with prestin specific
antibody and DAB (Fig. 1). The staining revealed the pres-
ence of normally organized hair cells in the organ of Corti
and confirmed that prestin antibody staining was restricted
to the plasma membrane of OHCs. Similar sections from
the guinea pig organ of Corti (not shown) confirmed that
prestin immuno-reactivity was restricted to OHCs.

Whole mounts of the normal guinea pig organ of Corti
stained with three markers (prestin-specific antibody, phal-
loidin to identify actin, and Hoechst to identify nuclei)
revealed normal cytoarchitecture with three rows of OHCs
and nuclei (Fig. 2). At the apical (luminal) surface, circum-
ferential actin rings that are associated with the adherens
junctions delineated the intercellular borders. Because pres-
tin is localized to the lateral membrane of the cylindrical
OHCs, prestin appeared as a ring along these cells
(Fig. 2C), as previously demonstrated (Belyantseva et al.,
2000).

The fate of prestin in the organ of Corti after experimen-
tal lesion to the hair cells is presented first for ears exposed
to an ototoxic insult, followed by ears exposed to noise

Fig. 1. Light microscope image of a plastic section cut at a near-mid
modiolar plane of normal mouse organ of Corti stained with prestin
specific antibody (DAB, brown) and counter-stained with toluidine blue.
Inner hair cell (IHC) is prestin negative. 1, 2, 3 indicate first, second, and
third rows of OHCs, respectively. Prestin localization is restricted to the
baso-lateral membrane of OHCs. Scale bar = 15 lm.

Fig. 2. Epi-fluorescence images showing actin (phalloidin stain, green), prestin (red) and nuclei (DNA stain, blue) in the OHC area of a whole mount of a
normal guinea pig organ of Corti. (A) The reticular lamina (luminal border) of the auditory epithelium has three rows (1–3) of OHCs. Actin is abundant in
the supporting cell-hair cell junction, depicting the normal cytoarchitecture at this plane, and in the cuticular plate of each hair cell. (B) Hoechst stain
showing OHC nuclei at a slightly lower focal plane. The third row OHC nuclei are out of the focal plane. (C) At focal plane shown in (B), prestin is
organized in complete rings delineating the peripheral membrane of each OHC. (D) Combined image of A–C. Note that focal plane of A is higher, to show
the apical surface, and the mismatch between prestin and phalloidin is due to the slant of the OHCs (see Fig. 1). Scale bar = 10 lm.
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overstimulation. Two days after deafening with kanamycin
and ethacrynic acid, the guinea pig organ of Corti showed
a complete loss of OHCs in the first three turns (Fig. 3A)
and lack of intact nuclei in the OHC region (Fig. 3B).
The distribution of actin at the luminal surface of the epi-
thelium (Fig. 3A) was characteristic of the phalangeal scars
formed by supporting cells (Raphael and Altschuler,
1991a). Some fragments of nuclear material were detected
in the region of these scars (Fig. 3B). Irregularly-shaped
aggregates containing prestin were detected in areas where
supporting cells had expanded to fill spaces previously
occupied by hair cells (Figs. 3C and D). The typical rings
of prestin that are found in normal ears were not present
in the traumatized organ of Corti (compare Figs. 3C and
D to 2C and D).

Transverse sections of the guinea pig organ of Corti
obtained 2 days after the ototoxic insult also showed that
supporting cells had expanded to occupy the spaces of
degenerated hair cells (Fig. 4). Aggregates of prestin were
detected within the supporting cells in these scarred
regions. Some of the prestin clumps appeared to be associ-
ated with cellular fragments, which may have been rem-
nants of nuclei and/or other components of OHCs. These
remnants had a shriveled appearance, and the prestin sur-
rounding them followed the irregular contour of the frag-
ments. Prestin aggregates were detected at various
locations in the epithelium (Fig. 4A). Prestin positive areas
were counter-stained with the cytoplasmic stain toluidine
blue, suggesting an intracellular localization of these frag-
ments, likely within supporting cells (Figs. 4A and B).
Aggregates of prestin were also detected in the basal region
of the epithelium, where only supporting cells reside
(Fig. 4A). Toluidine blue counter staining showed co-local-
ization of the prestin clumps within the cytoplasm of sup-
porting cells (Fig. 4B), but the borders between scarring

Fig. 3. Epi-fluorescence images of whole mount of the guinea pig organ of Corti 2 days after an ototoxic insult. (A) Phalloidin staining showing absence of
cuticular plates and stereocilia bundles. A scar line is detected where expanded supporting cells seal the site of missing hair cells. (B) Hoechst staining at the
focal plane where hair cell nuclei normally reside. A few fragmented nuclei are present (arrows) but most nuclei are missing. (C) Aggregates of protein that
stain positive for prestin in areas where scarring supporting cells have filled the space left by degenerated hair cells. (D) Merged image (A–C) showing
prestin immuno-reactivity in scarring supporting cells. Scale bar = 10 lm.

Fig. 4. Light microscope image of a plastic section (similar orientation to
Fig. 1) of guinea pig organ of Corti 2 days after drug exposure. (A)
Bracket indicates OHC region at the reticular lamina, where no hair cells
survive. Prestin aggregates (arrows) are seen at different heights in the
supporting cells that now occupy the sensory epithelium. Arrows show
prestin aggregates in supporting cells that occupy former OHC spaces. (B)
A section showing absence of OHCs (bracket) and presence of prestin
aggregates (arrows) in supporting cells. Dense counter-stain shows that
prestin-positive material is within cytoplasm of supporting cells. Scale
bar = 15 lm in A and 10 lm in B.
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supporting cells were difficult to follow and the trauma-
tized auditory epithelium appeared like a syncytium.

Four days after drug treatment, whole mounts of guinea
pig organ of Corti also revealed phalangeal scars generated
by supporting cells, and a complete loss of OHCs and their
nuclei (Fig. 5A). The scarring supporting cells contained
aggregates of prestin, similar to those seen in tissues exam-
ined 2 days after ototoxic drug administration. Transverse
sections of the organ of Corti 4 days after drug exposure
(Fig. 5B) likewise appeared similar to those from 2 days
after drug exposure, exhibiting prestin clumps in the cyto-
plasm of scarring supporting cells. Tissues examined 9 days
after ototoxic drug administration showed complete lack of

hair cells whereas prestin aggregates were present in the
area of the scarring supporting cells (Fig. 5C). Co-localiza-
tion of prestin with junctional F-actin immediately beneath
the luminal surface strongly suggested that the prestin
aggregates were within the cytoplasm of the scarring sup-
porting cells (Fig. 5C).

Whole mounts of an organ of Corti that was deafened
by ototoxic drugs and then inoculated with Ad.GFP were
analyzed using CFM. The area where OHCs usually reside
was devoid of OHCs and contained a large number of pres-
tin-positive clumps (Fig. 6A). GFP was only seen in sup-
porting cells and allowed for their identification. Some of
the supporting cells that were GFP-positive contained pres-
tin clumps (Fig. 6B). Co-localization of GFP and prestin
indicates prestin is within the cytoplasm of these support-
ing cells and/or in pits surrounded by supporting cells.

TEM analysis of DAB-stained tissues revealed a dense
granular stain representing prestin in the tissue (Fig. 7).
Numerous clumps of prestin could be seen in areas with
no surviving hair cells. In some cases, prestin clumps
appeared to be trapped in the extra-cellular space between

Fig. 5. Guinea pig organ of Corti tissues 4 (A,B) or 9 days (C) after drug
exposure. (A) Whole mount showing OHC region where phalloidin
(green) reveals complete scarring and absence of hair cells. Prestin
immuno-reactivity (red) is seen in scar area. Blue DNA stain shows nuclei
in the Hensen cell area (top of figure) and lack of nuclei in the scarred
region where OHCs are missing. (B) Transverse section of the organ of
Corti showing complete lack of hair cells and the presence of prestin
clumps (brown) in supporting cells that replaced missing OHCs. (C)
Whole mount showing OHC region 9 days after the ototoxic insult.
Phalloidin staining (green) shows complete scarring and loss of OHCs,
whereas prestin staining (red) shows clumps of prestin in scars. Scale
bars = 10 lm in A and C, and 15 lm in B.

Fig. 6. CFM images of whole mounts of a deafened organ of Corti that
was inoculated with Ad.GFP. (A) The area where OHCs usually reside is
devoid of OHCs. A large number of prestin-positive clumps is found in the
region. (B) The GFP-positive cytoplasm of supporting cells contains
prestin clumps (red) resulting in yellow patches in the merged image. Scale
bar = 10 lm.
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two supporting cells under the luminal surface (Fig. 7A). In
other cases, the prestin clusters were enclosed by a mem-
brane and located within the supporting cell body
(Fig. 7B). The membrane-bound clusters of prestin
appeared like phagosomes of several sizes (Fig. 7B). We
could not determine if the membrane surrounding the clus-
ter of prestin was the original OHC membrane or a phag-
osome membrane. Much of the prestin within this region
was not associated with any type of plasma membrane.

In whole mounts of guinea pig organ of Corti examined
7 days after noise exposure, hair cells loss was extensive
and clumps of prestin were seen in scars in the OHC region
(Fig. 8A). Surviving OHCs found in the second and third
turns had typical prestin rings and nuclei (not shown). In
transverse sections obtained in areas devoid of hair cells,
prestin clumps were seen within phalangeal scars that
replaced OHCs (Fig. 8B). In some cases, aggregates of
prestin were detected in the basal region of supporting

cells, close to the basilar membrane. The prestin clumps
in noise-exposed ears were similar in appearance to those
seen in drug-deafened animals. In sections stained densely
with toluidine blue, the clumps of prestin were seen to

Fig. 7. TEM micrographs of DAB-stained organ of Corti showing
electron-dense granules representing prestin-positive stain in areas with no
surviving hair cells. (A) Prestin clumps appear engulfed between two
supporting cells under the luminal surface. The amorphous prestin-rich
mass (dark arrows) is surrounded by extra-cellular fluid. The membrane of
the supporting cells is well defined (white arrowheads). An apical junction
(J) seals the luminal surface. (B) Clusters of prestin-positive granules
(arrows) are located in a scarring supporting cell. The aggregates appear to
be enclosed in a phagosome. Scale bars = 2 lm.

Fig. 8. Tissues from the guinea pig organ of Corti 7 days after noise
exposure. (A) Epi-fluorescence showing phalloidin (green) in a complete
scarring pattern with no remaining OHCs, and aggregates of prestin (red)
in areas of scars made by Deiters and pillar cells. (B) A transverse section
showing no remaining hair cells yet prestin immuno-reactive clumps
(brown) aggregate in the upper, middle and lower (arrow) parts of the
scarred area. (C) A densely counter-stained section showing that prestin
(yellow-brown) is in supporting cell cytoplasm. The overlap of prestin and
cytoplasm produces a green staining. (D) Inset showing the reticular
lamina where a prestin-positive clump is seen on the luminal (endolym-
phatic) side of the epithelial surface (top left). Scale bars = 10 lm in A and
C, and 20 lm in B and D.
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reside in areas of supporting cell cytoplasm (Fig. 8C).
Infrequently, clumps of prestin were seen on the endolym-
phatic side of the luminal border, suggesting that a portion
of the hair cell was ejected into the lumen (Fig. 8D).

Like guinea pigs, mice subjected to noise overexposure
exhibited extensive hair cell degeneration in the organ of
Corti 4 days after the insult. Scarring cells in areas of
OHC loss contained many prestin clumps (Fig. 9A).
OHC elimination by the noise was incomplete and the sur-
viving OHCs had typical prestin rings and nuclei (not
shown). Inner ears obtained 7 days after noise exposure
(Fig. 9B) appeared similar to those examined 4 days after
noise exposure. Here too, a small prestin fragment was seen
on the endolymphatic side of the luminal border (Fig. 9B,
arrow). We did not observe entire hair cell bodies in the
lumen in any of the sections we analyzed. Consistent with
the observed loss of OHCs, mice subjected to noise overex-
posure exhibited decreased prestin mRNA in the cochlea.
In 6 pools of cochlear RNA isolated from mice 6–7 days
after noise exposure and analyzed with qRT-PCR, we
observed a 4.9-fold decrease (p < 0.05) in prestin transcript
level, compared to non-exposed controls.

Overall, the results in guinea pig and mouse ears
appeared similar for both noise and ototoxic lesions. The
data show that prestin clumps remain within or between
supporting cells in the scarred areas of the auditory epithe-
lium after OHCs die. These results suggest that supporting
cells participate in the elimination of hair cell corpses.

4. Discussion

We show here that in the traumatized organ of Corti,
prestin is detected in phalangeal scars created by support-
ing cells to replace degenerating or dead hair cells. Prestin
remained in areas depleted of hair cells for at least 9 days
after the insult to the organ of Corti. We demonstrate that
in some cases, prestin immuno-positive material is located
inside the supporting cell cytoplasm and in other cases it is
trapped between supporting cells. These data indicate that
supporting cells participate in the processing of corpses of
dead hair cells and/or their debris.

Maintaining the continuity of the luminal surface is a
major role of cells in most epithelial sheets. To that end,
elimination of damaged epithelial cells is often orchestrated
by neighboring cells so that the structural and functional
integrity of the luminal border is maintained (Rosenblatt
et al., 2001). In the cochlea, integrity of the luminal border
(anatomically defined as the reticular lamina) is of particu-
lar importance because discontinuities in the epithelial
sheet would result in leakage of endolymph into the epithe-
lial layer, which would be detrimental to survival of any
remaining hair cells. It is therefore imperative that death
and removal of hair cells not disrupt the luminal surface.

There are at least two possible ways to accomplish cell
corpse removal without compromising the integrity of the
luminal surface. Corpses can potentially be eliminated
either by extrusion into the lumen or by phagocytic activity
within the epithelium. Phagocytic elimination of corpses
within the epithelium could be performed by neighboring
cells or by macrophages. In the avian auditory epithelium,
there are reports of ejection of dying hair cells from the epi-
thelial layer (Cotanche and Dopyera, 1990; Mangiardi
et al., 2004). In the mammalian organ of Corti, however,
ejection of entire hair cells is not typically found. Instead,
it is more common that the stereocilia, cuticular plate,
and possibly a small part of the apical portion of OHCs
are ejected, while the bulk of the cell body remains within
the epithelium (Forge, 1985; Raphael and Altschuler,
1991b). The present data provide additional support for
this notion, and demonstrate that the apical portion of
OHCs that is shed into the lumen may be large enough
to include prestin.

The steps of cell death and removal of the corpses are
closely related events regulated by a given set of genes
depending on whether cell death occurs by apoptosis or
necrosis (Chung et al., 2000; Lauber et al., 2004). Studies
of cell death mechanisms in the inner ear showed that
cochlear hair cells die via an apoptotic mechanism in
mutants with abnormal inner ears (Wu et al., 2004), follow-

Fig. 9. Mouse organ of Corti tissues 4 (A) and 7 days (B) after noise
exposure. (A) Whole mount showing the OHC region with severe scarring.
The scarred area contains numerous aggregates of prestin. (B) A
transverse section showing loss of OHCs with prestin aggregates in the
scarring supporting cells. A small prestin clump is also found on the
endolymphatic side of the reticular lamina (arrow). Scale bar = 10 lm in
A and 15 lm in B.
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ing noise exposure (Nicotera et al., 2003) or after aminogly-
coside drug treatment (Nakagawa et al., 2003; Wang et al.,
2003). There is no clear evidence for a role of the immune
system (macrophages) in removing the debris of degenerat-
ing hair cells, even when the lesion is substantial. In the
absence of macrophages, the burden of eliminating OHC
corpses falls on neighboring supporting cells. The relation-
ship between the type of cell death and the timing of corpse
removal by supporting cells is not currently known. It is
possible that damaged (but still living) hair cells are sur-
rounded by neighboring supporting cells prior to being
phagocytosed, as seen with dying cells in other tissues such
as the retina (Bok, 1993) and the liver (Dini et al., 2002).

We used several methods to determine that OHCs were
missing from scar areas and to localize prestin in these
areas. Phalloidin stained whole mounts showed the absence
of cells with characteristic OHC features (e.g., stereocilia,
cuticular plate) and a typical pattern of reorganized sup-
porting cell boundaries in phalangeal scars. In addition,
Hoechst staining revealed the absence of round nuclei in
the scar area at a level where OHC nuclei typically are
found. Transverse sections also showed the absence of cells
with characteristic OHC features. Immunolabeling invari-
ably found prestin in scarred areas but the morphology
of the prestin was irregular and quite distinct from the nor-
mal pattern of prestin localization in OHCs. Prestin was
detected within supporting cells or trapped between sup-
porting cells, and in a few cases, small prestin clumps were
found near the luminal surface. In some cases, prestin was
found close to the basal end of the supporting cell, suggest-
ing transport of the prestin clumps within the supporting
cell. It is possible that elimination of hair cells is a multi-
stage process involving phagocytosis of debris over time,
perhaps with supporting cells surrounding the injured or
dead hair cells and then gradually taking up their debris.

The finding of OHC material engulfed between two sup-
porting cells is reminiscent of cultures of developing mouse
organ of Corti, where a mechanically-induced lesion leads
to injury of hair cells and their ‘‘hiding’’ under the luminal
surface of the epithelium (Sobkowicz et al., 1996). Observa-
tions of injured hair cells with no luminal contact have not
been reported in the mature ear in vivo. Our data show that
supporting cells are able to seal the surface and trap rem-
nants of OHCs, but do not support a mechanism where
intact OHCs reside under the phalangeal scars in the
mature living organ of Corti.

The lingering presence of prestin aggregates many days
after the death of hair cells suggests that prestin is a very
stable protein with very low turnover. The unusual stability
of prestin may also explain the low level of prestin mRNA
found in the normal cochlea. When expressed exogenously
in epithelial cells of the LLC-PK1-CL4 porcine kidney line,
prestin is efficiently targeted to the lateral and, to a lesser
extent, the basal plasma membrane domains (James R.
Bartles, Northwestern University Feinberg School of Med-
icine, personal communication). Likewise, we would
assume that if supporting cells made prestin, they would

be able to target the protein to their lateral membranes.
Instead, we found large prestin clumps with no apparent
targeted localization, suggesting that supporting cells do
not make prestin. Our finding of large aggregates of prestin
is also consistent with recent observations on the hydro-
phobic nature of this protein and its tendency to clump
once hair cells membranes are experimentally degraded
(Jing Zheng, Northwestern University, personal communi-
cation). A longer term follow-up on the presence of prestin
clumps in supporting cells will help determine the time-
course of the disappearance of this protein from the cyto-
plasm of scarring supporting cells.

The demonstration of these findings in two different spe-
cies (mouse and guinea pig) following two types of cochlear
insults (drug toxicity and noise overstimulation) suggests
that the ability of supporting cells to eliminate OHCs is a
general phenomenon associated with OHC loss. Further
studies are necessary to identify the signals that mediate
the elimination of hair cell corpses by supporting cells. Spe-
cifically, the highly-organized scarring action by the sup-
porting cells is probably initiated and directed by a set of
signaling molecules. Native cells with phagocytic ability
have been found in a variety of tissues, including epithelial
layers (Cary et al., 1994; Nakajima et al., 1996; Sun et al.,
1998; Suzuki et al., 1996), but the molecular signaling that
triggers and controls the process of phagocytosis is not
completely understood. In the auditory epithelium, the
scarring activity of supporting cells is especially intriguing,
as the volume of these cells seems to expand very quickly to
fill the space previously occupied by OHCs.

Understanding the signaling that initiates and regulates
the removal of hair cell corpses from the auditory epithe-
lium would allow for the development of treatments to
inhibit these processes and possibly rescue injured hair
cells. A detailed ultrastructural analysis and time-course
of the phagocytic process would also enhance understand-
ing of the mechanism of OHC corpse removal. Interpreta-
tion of studies on OHC apoptosis would benefit from
considering that some (or all) of the nuclear degradation
may actually occur after OHCs are surrounded by support-
ing cells. Based on our observations in the organ of Corti
and the pattern of epithelial cell elimination by neighboring
cells in other tissues (Rosenblatt et al., 2001), we speculate
that an injured hair cell sends an ‘‘eat-me’’ signal to its
neighbors well before its death, and that its degradation
is carried out by the surrounding supporting cells. As long
as the risk of endolymph leakage is minimized, blocking
this signal could be one strategy for enhancing OHC
survival.
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Intrathecal betamethasone for cancer pain in the lower half of the
body: a study of its analgesic efficacy and safety
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Background. Sufficient analgesia for cancer pain is sometimes difficult to achieve with conven-

tional treatments. We aimed at investigating the analgesic efficacy and safety of intrathecal

betamethasone in patients with uncontrollable cancer pain.

Methods. Betamethasone 1 mg mixed with saline was injected into the lumbar intrathecal

space once a week in 10 patients with persistent cancer pain in the lower half of the body.

During the 4-week study period, the analgesic efficacy and adverse effects related to intrathecal

betamethasone were observed.

Results. Long-lasting analgesia (mean numerical pain score �5) for 7 days, after immediate

analgesia within 10 min, was obtained without the need to increase the morphine dose in 5 of

10 patients. In almost all of the patients, not only pain, but also uncomfortable symptoms were

improved. Adverse effects related to neurotoxicity of intrathecal betamethasone, such as

sensory and motor dysfunctions, were not observed in any patients.

Conclusion. When conventional cancer pain treatments are not successful, intrathecal beta-

methasone may be useful, as it probably induces long-lasting analgesia without adverse effects

and improves activities of daily living, especially in patients with vertebral bone metastases.
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Despite advances in pain management, cancer pain is still

often intractable.1 In terminal cancer patients, glucocorti-

coids are given systemically to alleviate pain, anorexia,

and malaise2 3 but are rarely used topically. It is thought

that the effects of glucocorticoids are mediated by their

anti-inflammatory or immunosuppressive actions. Recently,

evidence for the involvement of various neurotransmitters

and pain modulators in pain perception has been

reported,4–6 and treatments that target this aspect of the

pathogenesis of pain are being developed.7

The intrathecal use of glucocorticoid may be effective

for the treatment of inflammatory or neuro-injury associ-

ated pain in the spinal cord and roots, as it has an

inhibitory action on prostaglandins and other algogenic

substances. However, adverse effects related to neurotoxi-

city of intrathecal glucocorticoid have been reported.8

We previously reported that intrathecal betamethasone

produced long-lasting analgesia without any adverse

effects in advanced pelvic and perineal cancer patients.9

Intrathecal injection of glucocorticoid may alleviate

intractable pain caused by inflammation and sensitization

without the development of neurotoxicity in the spinal

cord and nerve roots, when the injection consists of a

small dose of glucocorticoid that includes relatively safe

preservatives.

Methods

This study was approved by the Research Ethics Committee

of Kansai Medical University. After obtaining the patient’s

medical history and present illness, the vital signs were

taken and a neurological examination was performed.

Simple X-ray, CT, and MRI data were evaluated. Inclusion

criteria consisted of the presence of advanced cancer, cancer

pain located in the lower half of the body, and uncontrolla-

ble pain despite conventional analgesic therapies.

Ten patients who met the inclusion criteria were

enrolled, and written informed consent was obtained from
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all of them. During the 4-week study period, intrathecal

betamethasone was scheduled to be given once a week.

The dose of slow-release oral morphine was to remain

unchanged during the treatment, but rescue doses of oral

morphine and NSAIDs, which were received 0–3 times a

day before the treatment, could be given based on the

patients’ needs.

In the lateral decubitus position, a 25-gauge pencil-point

spinal needle was inserted through the interlaminar space

in the lumber vertebrae to avoid the metastatic region.

Betamethasone solution (Rinderon Injection, Shionogi

Pharmaceuticals, Osaka, Japan), including 2 mg of beta-

methasone, 0.5 mg of sodium sulphite, and 15 mg of

D-sorbitol in a volume of 0.5 ml, mixed with saline was

injected into the lumbar subarachnoid space. The beta-

methasone dose was 1 mg (0.25 ml), and the total volume

of the solution was 2 ml.

Immediately after intrathecal injection of betametha-

sone, the acute analgesic effect was examined at 5, 10, 20,

and 30 min using the visual analogue scale (VAS).

Analgesia was defined as a 50% or greater reduction in

pain compared with the VAS score (100 mm) just before

the treatment. The development of abnormal neurological

signs and symptoms was observed for 1 h. During the

4-week study period, the patients themselves assessed their

pain intensity; the daily pain assessment was done before

going to sleep at night using the numerical pain score (PS;

0¼no pain and 10¼the worst pain in the 10 days before

treatment). We used a PS as a pain relief scale after the

treatment, considering the variability and multiple dimen-

sions of cancer pain during the course of the disease.

Potential adverse effects related to the neurotoxicity of

betamethasone and the intrathecal injection procedure,

such as headache, back pain, low back pain, numbness in

the limbs, sensory weakness, motor weakness, gait disturb-

ance, and recto-bladder dysfunction, were assessed weekly.

Results

The site of pain, cancer origin, bone metastasis, morphine

dose, and the number of intrathecal betamethasone injec-

tions are shown in Table 1. Despite having been given

anti-cancer therapies and systemic analgesic pharma-

cotherapies, the patients had severe and persistent pain in

the low back, pelvis, perineum, or lower limb region.

Before treatment, half of the patients were given small

doses of morphine, because of their conditions or adverse

effects such as nausea or somnolence.

Betamethasone was injected in the intrathecal space one

to four times during the 4-week study period, depending

on the patient’s physical and mental condition. In four

patients with bone metastasis in the lumbar vertebrae, the

intrathecal approach was chosen to avoid the metastatic

region. Injection failure, paresthesia, bleeding, and other

technical difficulties were not seen in any of the patients.T
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During the study period, three patients dropped out; of

these three patients, two were transferred to another hospi-

tal, and one patient died.

Seven of 10 patients showed immediate analgesia

(more than a 50% reduction in pain compared with the

pre-treatment VAS) within 30 min after the first intrathecal

injection of betamethasone (Table 2); five patients showed

immediate and sufficient analgesia within 10 min.

Abnormal symptoms and signs related to sensory and

motor nerve dysfunction were not seen. Hypotension, bra-

dycardia, headache, and recto-bladder dysfunction were

not observed in the hour after betamethasone injection.

Long-lasting analgesia was maintained after immediate

analgesia in many of the patients. During the first week of

treatment, five patients (No. 1, 4, 5, 6, 8) had good analge-

sia (mean PS�5) for 7 days without the need to increase

their analgesics (Table 2). Good and long-lasting pain

relief for 4 weeks was obtained in five of seven patients

who completed the study. The rescue morphine dose had

to be increased in three of the five patients without

increasing the other analgesics, whereas two patients (No.

5, 6) had excellent analgesia without any need to increase

their morphine or other analgesics in the 4-week study

period. In patients with satisfactory pain relief, uncomfor-

table symptoms improved, and activities of daily living

gradually recovered. Some patients could walk better;

however, if vertebral bone stability could not be main-

tained, the patients had pain when walking and standing.

Adverse effects related to neurotoxicity of intrathecal

betamethasone, such as sensory and motor dysfunctions,

did not occur in any of the patients (Table 3).

Discussion

We have previously reported on the achievement of

long-lasting analgesia using intrathecal betamethasone

with saline in three cancer patients.9 In the current study,

the safety and analgesic efficacy of intrathecal betametha-

sone were investigated in 10 cancer patients who had not

obtained sufficient analgesia despite conventional treat-

ments. With intrathecal betamethasone treatment, none of

the patients developed adverse effects such as neurological

dysfunction, and about a half of the patients achieved

sufficient analgesia against intractable pain. In the current

study, we did not use a controlled design, as intrathecal

injections of clonidine, midazolam, or opioids, which

would be used in the control group, are often associated

with uncomfortable adverse effects. Thus, it would be

difficult to perform a controlled study of intrathecal

analgesia in terminally ill patients.

Safety of intrathecal glucocorticoid

There are several arguments concerning the safety of

intrathecal injection of steroids. Complications such as ara-

chnoiditis and meningitis have been reported.10 Nelson

and Landau11 argued that the intrathecal administration of

glucocorticoids is unsafe and indicated that intrathecal glu-

cocorticoids could lead to the development of neurotoxi-

city in the spinal cord and meninges. However, the safety

of intrathecal glucocorticoids has been advocated in some

clinical and experimental studies. In the clinical study by

Kotani and colleagues,12 there were no complications in

89 patients with postherpetic neuralgia who received four

doses of intrathecal methylprednisolone acetate (60 mg)

containing propylene glycol. Langmayr and colleagues13

indicated that, after lumbar disc surgery, intrathecal beta-

methasone provided significant pain reduction without any

disadvantageous effects. Latham and colleagues14 showed

in sheep that repeated intrathecal administration of 5.7 mg

(1 ml) betamethasone containing benzalkonium chloride

did not result in pathological changes. However, large

doses of betamethasone, such as 11.4 mg (2 ml) and more,

Table 2 Analgesic effects during the first week of treatment. Acute analgesia

was defined as a 50% or greater reduction in pain intensity compared with the

pre-treatment VAS score (100 mm) after the first intrathecal injection of

betamethasone. Daily pain intensity was assessed by the patients themselves

using the numerical pain score (PS)

Acute analgesia

in 30 min

Analgesia (everyday PS�5)

for 3 days

Analgesia (mean PS�5)

for 7 days

7/10 6/10 5/10

Table 3 Adverse effects during treatment. Symptoms related to neurotoxicity of intrathecal betamethasone and other adverse effects were not found in any of

the patients during the 4-week study period. Motor nerve functions such as motor weakness and gait disturbance improved in some patients

Symptoms Before treatment (n510) During the first 2 weeks of treatment (n510) During the last 2 weeks of treatment (n57)

Newly developed Unchanged Improved Newly developed Unchanged Improved

Headache 2 0 1 1 0 1 1

Back pain 2 0 1 1 0 1 1

Low back pain 5 0 0 5 0 0 4

Numbness 4 0 3 1 0 1 1

Sensory weakness 3 0 2 1 0 2 0

Motor weakness 5 0 2 3 0 2 2

Gait disturbance 5 0 2 3 0 1 3

Recto-bladder dysfunction 2 0 2 0 0 2 0

Other neural disorders 0 0 0 0 0 0 0

Intrathecal betamethasone for cancer pain
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were associated with dose-dependent neurotoxicity.

Furthermore, it has been found that intrathecal triamcino-

lone diacetate containing polyethylene glycol did not

induce spinal neurotoxicity in rat model.15 It is believed

that the chemicals responsible for neurotoxicity when

glucocorticoids are administered intrathecally are not the

glucocorticoids themselves, but the additives such as

antioxidants, preservatives, and excipients that are present

in the injected solution.16

We chose betamethasone as the glucocorticoid for

intrathecal injection because of its water solubility, the

presence of small dose additives in the solution, its safety

in animal studies, and the fact that the intrathecal use of

betamethasone is recommended for meningeal leukaemia,

cerebrospinal meningitis, malignant lymphoma, etc. by the

manufacturer of betamethasone. To avoid possible neural

damage, we used a small dose (1 mg) and volume

(0.25 ml) of betamethasone solution. The 0.5 ml volume

of betamethasone solution used contains 2 mg of beta-

methasone, 0.5 mg of sodium sulphite, and 15 mg of

D-sorbitol. The sulphites (Na2SO3, NaHSO3) act as antiox-

idants by combining with free oxygen at physiological

pH.17 They are not neurotoxic in solution at physiological

pH, but can be neurotoxic in low pH conditions through

the production of SO2.
18 The combination of betametha-

sone at pH 7.5–8.5 and saline at pH 4.5–8.0 used in the

present study is not likely to provoke neurotoxicity as it

has almost a physiological pH. Additionally, it has been

reported that intrathecal bisulphite can reduce the neuro-

toxic damage induced by the intrathecal injection of local

anaesthetic (chloroprocaine).19

In the current study, clinical neurotoxicity was not seen

after intrathecal betamethasone injection. On the contrary,

neurological symptoms such as motor weakness and gait

disturbance improved, and activities of daily living gradu-

ally recovered in many patients. Nevertheless, the sample

size of this study (10 patients) is too small to conclusively

demonstrate the safety of intrathecal betamethasone; for

this, a larger study is needed.

Analgesic effects of intrathecal glucocorticoid

Glucocorticoids have multipurpose use, offering sympto-

matic relief in the management of patients with cancer

pain. Principally, the analgesic effect of glucocorticoids is

assumed to occur in inflammatory conditions. Recently,

the analgesic effects of intrathecal steroids have been

observed in both human and animal studies.13 14 20 In

patients with postherpetic neuralgia, the intrathecal injec-

tion of methylprednisolone with lidocaine induced

excellent and long-lasting analgesia for burning pain, lan-

cinating pain, and allodynia.

It is thought that the long-lasting analgesia that results

from the intrathecal injection of betamethasone is achieved

through a decrease in the inflammatory reactions in the

injured nerves and a reduction in algogenic substances

such as prostaglandins, glutamate, and substance P in the

spinal cord. The suppression of spinal glial activation and

the inhibition of inflammatory cells and cytokines may

accelerate analgesic effects.21 22 Almost all of the 10

patients studied showed an immediate analgesic effect

within 30 min, which was followed by long-lasting analge-

sia; this was similar to the first observation in the previous

three patients we reported. The effects of steroids are not

expected to be immediate, as the changes in gene

expression and synthesis of proteins take several hours.23

In the traditional theory of steroid action, steroids bind to

intracellular receptors and modulate nuclear transcription.

Anti-inflammatory effects of glucocorticoids are induced

by the inhibition of phospholipase A2 resulting from lipo-

cortin production through the fundamental steroid pharma-

cology. However, this mechanism for the analgesic effect

of intrathecal glucocorticoid does not explain the immedi-

ate analgesia that was seen. This rapid effect may be

transmitted by specific membrane-bound receptors.24 25

Although a relationship between immediate and long-

lasting analgesia is unknown, all of the patients with long-

lasting analgesia had immediate analgesia after the first

intrathecal betamethasone treatment. Given our findings,

the mechanism of the analgesic effects of intrathecal

glucocorticoid should be studied in greater depth in the

future.

Treatments of cancer pain and intrathecal

glucocorticoid

Opioids are widely used in the management of

cancer pain, but sufficient pain relief without side-effects

is sometimes difficult to obtain. Although intrathecal or

epidural opioid injections may be a good option for cancer

pain treatment, the patients develop side effects similar to

oral opioids, and a catheter must be implanted for continu-

ous opioid injection.26 The intrathecal injection of

neurolytic agents is a useful anaesthetic technique for

treating some cancer pain, but there are practical

difficulties with the procedure, and also as risks of neural

complications.27

Oral glucocorticoids are used palliatively for cancer pain

treatment, especially in patients with bone metastases.28

In the current study, small-dose betamethasone was used

intrathecally once a week and sufficient pain relief was

achieved in about a half of the patients, and no clinical

complications were seen. Therefore, certain types of

uncontrollable cancer pain can be better treated with

intrathecal betamethasone, especially in patients with

vertebral metastases whose pain is frequently difficult to

control.

In contrast to epidural procedures, the intrathecal tech-

nique is easy and safe to perform in the lumbar region.

Therefore, the intrathecal injection of betamethasone has a

technical advantage over other anaesthetic procedures for

the management of cancer pain.

Taguchi et al.
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Conclusions

When conventional treatments for cancer pain are not

successful, intrathecal injection of small-dose betametha-

sone may be a useful approach, especially in patients with

vertebral bone metastases. Intrathecal betamethasone may

induce long-lasting analgesia without adverse effects. As a

result, intrathecal betamethasone may be able to improve

activities of daily living and quality of life in patients with

cancer pain.
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Intrathecal betamethasone pain relief in cancer patients

with vertebral metastasis: a pilot study*

T. INADA, A. KUSHIDA, S. SAKAMOTO, H. TAGUCHI and K. SHINGU

Department of Anesthesiology, Kansai Medical University, Osaka, Japan

Background: We have reported previously the usefulness of
intrathecal betamethasone for pain relief in cancer patients who
suffer from intractable pain caused by vertebral metastasis. The
mechanism by which betamethasone relieves pain may be related
to alterations in cerebrospinal fluid (CSF) concentrations of pro-
inflammatory cytokines and prostanoids.
Methods: Thirteen cancer patients with intractable pain caused
by vertebral metastasis received 2–3 mg betamethasone in the
lumbar subarachnoid space. CSF concentrations of tumor necrosis
factor-a (TNF-a), interleukin-1b (IL-1b), IL-6, IL-8 and prosta-
glandin E2 (PGE2) were measured with an enzyme-linked immu-
nosorbent assay (ELISA) and a chemiluminescence enzyme
immunoassay. Pain was measured using a numerical pain score
(range, 0–10; 0, no pain; 10, worst pain imaginable).
Results: Intrathecal betamethasone was associated with a signif-
icant decrease in the pain score in six patients. In these cases, the

pain score decreased from 6.7 � 0.5 (mean � standard error of the
mean) to 3.3 � 0.3 (P < 0.05), and the CSF concentrations of IL-8
and PGE2 decreased significantly compared with pre-treatment
levels (IL-8, 183.3 � 21.2 to 116.5 � 10.6 pg/ml; PGE2, 43.8 � 10.3
to 14.7� 3.0 pg/ml). There were no significant changes in the CSF
concentrations of cytokines and PGE2 in the remaining seven
patients.
Conclusion: Pain relief with intrathecal betamethasone is related
to decreases in the CSF concentration of IL-8 and PGE2.

Accepted for publication 15 December 2006

Key words: cancer; cerebrospinal fluid; interleukin-8; intra-
thecal betamethasone; pain; prostaglandin E2.
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VERTEBRAL metastasis may cause severe pain in
cancer patients (1). Although oral or systemic

administration of opioids is the principal pain treat-
ment for such patients, sufficient analgesia is some-
times difficult to achieve because of excessive
sedation, pruritus and gastrointestinal side-effects
(1). Previously, we have reported the usefulness of
the intrathecal administration of betamethasone for
pain relief (2), and we believe that it may provide an
alternative to the administration of escalating doses
of opioids.
The mechanism by which intrathecal betametha-

sone relieves pain is not known. Pain is associated
with inflammation in the central nervous system
(3–6), and betamethasone has anti-inflammatory ef-
fects (7). Therefore, the pain-relieving properties of
betamethasone may be related to altered concentra-
tions of pro-inflammatory cytokines and prostanoids

in the cerebrospinal fluid (CSF), including tumor
necrosis factor-a (TNF-a), interleukin-1b (IL-1b), IL-
6, IL-8 and prostaglandin E2 (PGE2), all of which have
been implicated in inflammation and pain (3–6).
The aims of this study were to examine whether

intrathecal betamethasone alters CSF concentrations
of TNF-a, IL-1b, IL-6, IL-8 and PGE2, and to determine
whether these alterations are associated with pain
relief in cancer patients with vertebral metastasis.

Methods

Patients
Cancer patients with vertebral metastasis, who were
referred to our department for pain management
(because their pain was not controllable with con-
ventional opioid therapy), were studied. Criteria for
inclusion in the study were an advanced stage of
cancer, presence of vertebral bone metastasis, uncon-
trollable pain despite conventional analgesic thera-
pies and no ongoing chemotherapy or radiation
therapy. Patients were studied consecutively from

*Presented in part at the Annual Meeting of the American Society of
Anesthesiologists, October, 2006, Chicago, IL, USA.
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February 2002 to December 2004. The study was
approved by the Ethics Committee of Kansai Medical
University, Osaka, Japan, and all patients gave writ-
ten informed consent.

Protocol
Before the procedure, the intensity of pain was
reported by patients using a numerical pain score
(PS; range, 0–10; 0, no pain; 10, worst pain
imaginable). In the lateral decubitus position, a 25G
pencil-point spinal needle (Unisis, Tokyo, Japan) was
inserted through the interlaminar space in the lumbar
vertebrae of each patient, avoiding spaces adjacent to
metastatic vertebral bone and sites of dural metasta-
sis (assessed by computed tomography/magnetic
resonance image), and a 3-ml control sample of CSF
was obtained. Subsequently, betamethasone (Rinder-
on Injection 0.4%, Shionogi, Japan), 2–3 mg in saline
in a volume of 3 ml, was injected. Patients evaluated
their pain each day with the PS. Intrathecal betame-
thasone was scheduled to be given once a week
without CSF procurement, except that a second CSF
sample was obtained between the second and fourth
intrathecal betamethasone injections (the time was
determined at the discretion of the attending pain
clinicians). The period between the first CSF sample
(no intrathecal betamethasone) and the post-betame-
thasone CSF sample (7–28 days after the first intra-
thecal betamethasone injection) was the study period.
We restricted the study to this short period in order to
clarify the effect of intrathecal betamethasone and to
minimize the background effect of relentlessly pro-
gressing vertebral metastasis-induced inflammation
on the CSF pro-inflammatory molecules.

Evaluation of pain relief
We arbitrarily determined that successful pain relief
was achieved if the PS value decreased to < 5, as
patients expressed considerable satisfaction when
they described their pain as being PS < 5.

Measurement of TNF-a, IL-1b, IL-6,
IL-8 and PGE2

CSF samples were immediately centrifuged at 3000 g
for 10 min at 4 8C, and the supernatant was stored at
–80 8C pending analysis. CSF concentrations of
cytokines were measured with high-sensitivity
enzyme-linked immunosorbent assay (ELISA). A
Quantikine HS Kit (R & D Systems, Minneapolis,
MN) was used to assay TNF-a, IL-1b and IL-6. An
Endogen Human IL-8 ELISA Kit (Pierce Biotechnol-
ogy, Inc., Rockford, IL) was used to assay IL-8. PGE2

was measured with a chemiluminescence enzyme
immunoassay kit (Assay Designs Inc., Ann Arbor,
MI). The lower limits of detection were 0.12 pg/ml
for TNF-a, 0.10 pg/ml for IL-1b, 0.039 pg/ml for
IL-6, 2 pg/ml for IL-8 and 6.03 pg/ml for PGE2.
The intra- and inter-assay coefficients of variation
for the ELISA and chemiluminescence kits were
less than 10% and 14%, respectively. Measurements
were performed in duplicate and the means were
recorded.

Statistical analysis
Data are reported as the mean� standard error of the
mean (SEM). Comparisons were made with the
Wilcoxon signed-rank test or the Mann–Whitney
U-test. P < 0.05 was considered to be significant.

Results

Thirteen patients were enrolled in the study (Table 1).
In six patients, a successful decrease in pain intensity
was measured at the time of post-betamethasone CSF
sample procurement (effective group) (PS changed
from 6.7 � 0.5 to 3.3 � 0.3, P < 0.05). Intrathecal
betamethasone was not associated with decreased
pain in the remaining seven patients (non-effective
group) (PS changed from 8.0 � 0.6 to 7.5 � 0.6, P ¼
NS). The patient characteristics were similar in the
two groups, and the site of vertebral metastasis was
not related to pain relief (Table 1). All patients (except
for patients 1 and 6 in the effective group and patient
2 in the non-effective group) had a previous history
of radiation to their metastatic lesions. Lytic bone
destruction was noted in the vertebral metastases in
all patients, and, in patient 5 in the effective group,
osteogenic destruction was also observed. During the
study period, the morphine dosage was decreased in
one patient in the effective group, and increased in
three patients in the non-effective group. The interval
between obtaining the control CSF samples and the
post-intrathecal betamethasone CSF samples (the
patient follow-up period in this study) was 12 � 2
days for the effective group and 15 � 3 days for the
non-effective group (P ¼ NS).
The concentrations of IL-8 and PGE2 in the control

CSF samples were significantly higher (P < 0.05) in
the effective group than in the non-effective group
(Fig. 1). The CSF concentrations of IL-8 and PGE2

decreased significantly (P < 0.05) following intrathe-
cal betamethasone treatment in the effective group,
whereas the concentrations of TNF-a, IL-1b and IL-6
did not. There were no significant changes in the CSF
concentrations of cytokines and PGE2 following
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intrathecal betamethasone treatment in the non-
effective group. The concentrations of PGE2 after
intrathecal betamethasone administration were sig-
nificantly lower (P < 0.01) in the effective group than
in the non-effective group.
Potential adverse effects related to the neurotoxic-

ity of betamethasone and the intrathecal injection
procedure, such as headache, low back pain, numb-
ness in the limbs, sensory and motor weakness, and
recto-bladder dysfunction, were not observed in any
of the patients.

Discussion

In this study, pain relief was associated with signif-
icant decreases in the CSF concentrations of IL-8 and
PGE2 on intrathecal administration of betametha-
sone. Furthermore, responsive patients had higher
CSF concentrations of IL-8 and PGE2 than non-
responsive patients prior to the intrathecal adminis-
tration of betamethasone. These results suggest that
intrathecal betamethasone exerts its effects by reduc-
ing the inflammatory component of pain, and is more
effective in patients with considerable quantities of
inflammatory components in the central nervous
system.
IL-8 is associated with pain induced by an inflam-

matory reaction, and high CSF concentrations of IL-8

have been noted in patients with sciatic pain from
disk herniation (3) and intractable post-herpetic
neuralgia (PHN) (8). Furthermore, postmortem stud-
ies of patients with prolonged PHN have revealed
marked inflammation around the spinal cord with
massive accumulation of lymphocytes (9). The CSF
concentration of IL-8 in our patients (effective group,
183.3 � 21.2 pg/ml; non-effective group, 98.2 � 20.5
pg/ml) was higher than that reported in PHN
patients (33–35 � 1.6–1.7 pg/ml), and in patients
without PHN or with other neurologic disorders (18
� 1.0 pg/ml) (8). This suggests that cancer patients
with vertebral metastasis have high CSF concentra-
tions of IL-8. In the PHN study (8), methylprednis-
olone and lidocaine were given intrathecally to treat
pain. The treatment was effective in alleviating pain,
and pain relief was correlated significantly with
a decrease in the CSF concentration of IL-8.
The PGE2 concentrations in the effective group

(43.8 � 10.3 pg/ml) were considerably higher than
those of normal controls (< 20 pg/ml) (10). PGE2 is
a potent mediator of inflammation. It produces
prolonged dilatation of the arterioles and increases
vascular permeability, leading to enhanced recruit-
ment of leukocytes (11) and exaggerated inflamma-
tory pain (5, 12). Increased CSF concentrations of
PGE2 are also implicated in the central sensitization
of nociceptive processes (13–15).

Table 1

Patient characteristics and tumor and pain status.

Patient Age
(years)

Sex Primary
lesion

Spinal level
of metastasis

Morphine
(mg)

Control pain
score

Pain score
post-betamethasone†

Number of
injections‡

Pain relief
(days)§

Effective group
1 61 M Pharynx Thoracic 40 7 4 1 7
2 49 F Thyroid Cervical, thoracic 10 8 4 2 7
3 59 M Liver Cervical, sacrum 380 / 0 8 2 2 12
4 74 M Colon Sacrum 105 6 3 2 5
5 68 M Prostate Thoracic, lumbar 480 6 4 2 8
6 72 M Kidney Thoracic 140 5 3 2 8
Mean � SEM 64 � 4 192 � 78* 6.7 � 0.5 3.3 � 0.3¶ 7.8 � 0.9
Non-effective group
1 64 M Liver Lumbar 30 / 40 9 7 2
2 61 M Esophagus Thoracic 30 10 9 1
3 55 M Lung Thoracic 20 / 40 8 6 1
4 72 M Thyroid Thoracic, lumbar 40 / 160 6 6 1
5 61 M Rectum Lumbar 110 6 9 3
6 69 M Liver Lumbar, sacrum 20 9 10 2
7 56 M Pancreas Thoracic, lumbar 250 8 6 3
Mean � SEM 63 � 2 71 � 32* 8.0 � 0.6 7.5 � 0.6

SEM, standard error of the mean; /, change in morphine dose after intrathecal betamethasone.
*Before intrathecal betamethasone.
†Pain score measured at the time of post-betamethasone cerebrospinal fluid (CSF) sample collection.
‡Number of intrathecal betamethasone injections administered before collection of post-betamethasone CSF sample.
§Duration of pain relief (pain score < 5) at the time of post-betamethasone CSF sample collection.
¶P < 0.05 vs. control pain score.
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The origin of IL-8 and PGE2 in CSF is not known,
but tumor cells, osteoblasts, macrophages, astrocytes
and microglia may be involved. It has been reported
that metastasis-prone tumors often express high
levels of IL-8 (16, 17) and cyclo-oxygenase (18),
a key enzyme in PGE2 production. Osteoblasts from
deteriorating bone also produce PGE2 (19). In addi-
tion, bone and tissue that are destroyed by tumors
may be scavenged by macrophages and microglia
that produce IL-8 and PGE2 (20, 21). As a chemokine,
IL-8 recruits neutrophils (which may produce IL-8
and PGE2) to the inflammatory site, exacerbating the
inflammation. This heightened in situ production of
IL-8 and PGE2 may be reflected by increased CSF
concentrations of these molecules. The pro-inflam-
matory properties of IL-8 and PGE2 increase pain
transmission in neurons, resulting in inflammatory
pain and creating a feed-forward pain cycle. We
assume that intrathecal betamethasone, via its anti-
inflammatory effects, interrupts the cycle and alle-
viates pain (7). However, other effects of steroids may
also be involved, including stabilization of neuronal
membranes and suppression of C-fiber discharges
(22–24).
Some patients were unresponsive to intrathecal

betamethasone treatment. There may be several ex-
planations for this, including overwhelming tumors

(e.g. direct nerve invasion by tumors), an insufficient
dose of betamethasone, a relatively small inflamma-
tory contribution to the pain and the inefficient
delivery of betamethasone to the site of inflammation.
The use of intrathecal steroids has been reported to

be safe, although arachnoiditis and meningitis have
been reported following their use (25, 26). In one
study, four doses of intrathecal methylprednisolone
(60 mg) were given to 89 PHN patients, and no
complications were noted (8). The safe use of intra-
thecal betamethasone has been reported in patients
after lumbar disk surgery (27) and in an animal
experiment (28). Alternatively, additives, such as
antioxidants and preservatives, that are present in
the injected solution, rather than the steroids them-
selves, may cause neurotoxicity when administered
intrathecally (29). The betamethasone solution used
in this study contained the antioxidant sodium
sulfite. Sodium sulfite can be neurotoxic at low pH
as a result of the production of sulfur dioxide, but not
at physiological pH (30). Thus, when combined with
betamethasone (pH 7.0–8.0) in saline, it is not likely
to be neurotoxic after intrathecal injection.
Intrathecal betamethasone treatment is simpler,

less traumatic and has a more reproducible effect
(31) than epidural blocks, which are often used to
alleviate pain in cancer patients (32). Furthermore,
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Fig. 1. Concentrations of tumor necrosis factor-a (TNF-a), interleukin-1b (IL-1b), IL-6, IL-8 and prostaglandin E2 (PGE2) in the
cerebrospinal fluid (CSF) before and after intrathecal betamethasone. The effective group consists of patients whose pain scores (range,
0–10; 0, no pain; 10, worst pain imaginable) decreased to < 5 by betamethasone treatment at the time of post-betamethasone CSF sample
collection. #P < 0.05 within groups. †P < 0.05, ††P < 0.01, between groups before intrathecal betamethasone. ¶ P < 0.01 between groups
after intrathecal betamethasone. Some IL-1b data are hidden in the x-axis because of the absence of the cytokine in CSF before and after
intrathecal betamethasone.
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pain from metastasis at any level of the vertebral
column can be an indication for betamethasone via
the lumbar subarachnoid route. In addition, the
duration of pain relief was sufficient such that
intrathecal betamethasone needed to be adminis-
tered only once a week. Thus, although not all
patients are responsive, intrathecal betamethasone
may be useful for the alleviation of pain in some
terminal cancer patients. We are now conducting
a study to determine the most effective doses of
betamethasone to maximally alleviate pain, whilst
minimizing the potential side-effects.
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Spinal Cord Injury Treatment With Intrathecal Autologous
Bone Marrow Stromal Cell Transplantation: The First Clinical
Trial Case Report
Fukuki Saito, MD, Toshio Nakatani, MD, Masaaki Iwase, MD, Yuji Maeda, MD, Akihiko Hirakawa, MD,
Yoshinori Murao, MD, Yoshihisa Suzuki, MD, Rie Onodera, MS, Masanori Fukushima, MD, and Chizuka Ide, MD

J Trauma. 2008;64:53–59.

Spinal cord injury often results in devastating dysfunc-
tion and disability. When a spinal cord is injured,
various symptoms are presented depending on the

segments of the damage and the degree. If cervical spinal
damage is severe, tetraplegia results. If damage occurs at
levels higher than C4, diaphragmatic movement will be
impaired, and the patient has to live being connected with
the ventilator on the bed. Patients will suffer from acute
hyperesthesia or severe chronic pain, urinary and rectal
dysfunction, and autonomic dystonia as well as motor and
sensory deficits.

In Japan, there are more than 100,000 victims suffer-
ing from spinal injury, and a new 5,000 to 6,000 patients
are added every year. In the Unites States, about 250,000
to 400,000 people are living with spinal cord injury, and
there are about 11,000 to 13,000 new injuries every year.
The number of incidence is increasing. The majority of
them result from motor vehicle or sports injuries, violence,
or falls.1

An injured central nervous system never regenerates.
This has long been thought as a medical common sense

terms. Therefore, the principal object for the treatment of
spinal injury was mainly purposed how to minimize the
progression of secondary injuries and maintain the remnant
function of the spine. For the purpose of preventing second-
ary spinal cord injury, spine stabilization for the fracture or
dislocation and rehabilitation were the main strategy in the
treatment.

There has been no successful treatment for the severe
spinal cord injury to recover the function satisfactorily.2

However, if spinal cord damage is functionally improved
even at the minimum, it will affect not only the physical,
mental, and economic status of patients and their families, but
also the medical resources of society. Recently, regenerative
treatments with stem cells are in the limelight. However,
there are some serious problems such as ethical ones to be
solved for the study with stem cells. We reported significant
recovery of motor function in rats with experimental spinal
cord injury treated by transplanting bone marrow stromal
cells (BMSCs) in the cerebrospinal fluid (CSF).3,4 Based on
that study, we aimed at the clinical application of this treatment,
and actually planned a clinical trial of spinal cord injury treat-
ment by transplanting patient’s autologous BMSCs into CSF in
the acute phase after spinal cord injury, at Kansai Medical
University Hospital. We have developed a detailed protocol
for the clinical trial. The medical ethics committees of the
institutions have approved the protocol officially. This clin-
ical trial aims to treat a damaged spinal cord by a novel
method of injecting BMSCs into CSF through the lumbar
puncture, and assess the safety and efficacy of the procedure.
Although we have experienced only a single case, a commit-
tee that monitors the data to assess the efficacy and safety of
the trial with members independent of this study team has
evaluated the safety of the trial in this case, approved to
continue the study, and agreed to submit a report of the first
case. In addition, Japan Spinal Cord Foundation strongly
requested to disclose the course of the first case. Therefore,
we would like to publish the report of the first case to enhance
research work on the new strategy for the difficult treatment
of spinal cord injury.
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CASE REPORT
A 35-year-old man fell down from about 7-m height

during a dismantling construction site work in March 2006.
He was transported with a complaint of quadriplegia by a
ground ambulance to our Emergency and Critical Care
Center.

Symptoms and signs at admission are shown in Table 1.
Chief complaint was loss of sensation and movement below C5
level. Cervical spine radiograph revealed a fracture-dislocation
of C5 on the lateral view (Fig. 1), and computerized axial
tomography (Fig. 2A and B) revealed fractured 4th and 5th
cervical vertebra. Figure 3 shows the T1- and T2-weighted
magnetic resonance imaging (MRI) at admission. T2-weighted
image (Fig. 3B) showed a low-intensity area at the level of C5
that was surrounded by high-intensity area. No other injury was
found. He was admitted in intensive care unit. His respiration
type was abdominal, but he did not need ventilatory assist. He
remained on methylprednisolone protocol, and was administered
a single bolus injection of 30 mg/kg methylprednisolone within
8 hours after injury followed by a continuous administration of
5.4 mg/kg/h for 23 hours according to the National Acute Spinal
Cord Injury Study II.5 On the day of admission, he underwent
installation of halo brace to prevent secondary injury caused by
instability of the cervical spine. His neurologic function was
evaluated according to the American Spinal Injury Association
(ASIA) Scoring for Standard Neurologic Classification of Spinal
Cord Injury (SNCSCI) as shown in Table 2.

As his case was indicated to the clinical trial, we in-
formed his wife about the clinical trial spending several hours
while the patient was sedated. Although we informed her of
the whole process of the clinical trial, we intended to get the

written consent from her in two steps. The first consent was
only with collecting bone marrow during the operation for
cervical stabilization, and to culture and multiply stromal
cells. The first consent should be obtained before operation
shortly after the injury occurs, but in this case the patient was
sedated and his family was upset, and so we obtained a
written consent not with the clinical trial but with only ob-
taining bone marrow for culture during the operation. The
patient and family members could have their time for about a
week to discuss whether they would accept the clinical trial,
the BMSCs transplantation.

On day 3, the patient underwent anterior cervical stabi-
lization of C4 through C6 with bone graft and instrumenta-
tion. Iliac bone pieces were obtained for grafting to the
fractured spine. Simultaneously, cancellous bone of the ilium
was collected. Postoperative cervical spine lateral view
shows anterior cervical stabilization at C4 through C6 by
instrumentation, with spinal canal space at C5 level being
opened and maintained (Fig. 4). He needed ventilatory sup-
port for a few days after the operation. Rehabilitation pro-

Fig. 1. Cervical spine radiograph lateral view showed a fracture-
dislocation of C5 at admission.

Table 1 Symptoms and Signs at Admission

Consciousness Clear
Vital signs

Blood pressure (mm Hg) 131/68
Heart rate (min–1) 70
Body temperature (°C) 36.2
Respiratory rate (min–1) 18

Arterial blood gas analysis (under
O2 10 L/m with face mask)

PaCO2 (mm Hg) 41.3
PaO2 (mm Hg) 102
pH 7.390
Base excess (mmol/L) 0.2
HCO3

� (mmol/L) 24.2
Neurologic examination

Motor
C5 (biceps) 3/5 (MMT)
C6 and lower 0/5

Sensory
C7 and lower No sensation

Anal sphincter (�), no sacral sparing
Priapism (�)
American Spinal Injury Association

Impairment Scale
A

MMT, muscle manual test.
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gram was started shortly after the operation similarly for
those with conventional treatment.

The cancellous bone was transported to a facility that
meets the guideline for Good Manufacturing Practice of cell
culture for clinical treatment in Japan, to isolate and culture
stromal cells. Stromal cells were multiplied reaching a cell
density of 106 after 10 days. We discussed again with his wife
and the patient himself on the clinical trial at that point. He
and his wife were willing to accept the cell transplantation
therapy. On day 13, under written consent, 3.1 � 107

BMSCs, suspended in about 2 mL of saline, was transplanted

into CSF through lumbar puncture technique. After transplan-
tation, he had no sign of meningitis, such as fever or head-
ache. His clinical course after the transplantation was
uneventful and he left intensive care unit 22 days after the
transplantation. A few weeks later, he once suffered from

Fig. 2. Computed tomography at admission revealed the fractured
4th (A) and 5th (B) cervical vertebra.

Fig. 3. MRI at admission. T1-weighted image (A) showed no
remarkable change, but T2-weighted image (B) showed a low-
intensity area at the level of C5 that was surrounded by high-
intensity area.
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urinary tract infection but no undesirable side effect of cell
transplantation was observed throughout his course.

At 1, 3, and 6 months after the transplantation, neurologic
function was evaluated in detail according to the SNCSCI of
ASIA (Table 2). Motor and sensory scores gradually but appar-
ently improved at 1 and 3 months compared with the scores
before the transplantation. MRI at 3 months revealed a cavitation
in the spinal cord (Fig. 5). Slight improvement was added to
motor score, but no further improvement in the sensory score
was observed at 6 months compared with that at 3 months.
Changes in the score of key muscles at 6 months are shown in

Table 3. In addition to the gain in strength in the elbow flexors
(C5), the gain in wrist extensors (C6) and elbow extensors (C7)
motor levels elevated the motor score in the SNCSCI of ASIA.

Fig. 4. Cervical spine lateral view after the operation shows ante-
rior cervical fusion at C4 through C6 by instrumentation, with
spinal canal space at C5 level being opened and maintained.

Table 2 American Spinal Injury Association Scoring
for Standard Neurologic Classification of Spinal Cord
Injury

Score

Motor Pinprick Light Touch ASIA Impairment
Scale

Normal (full) 100 112 112 E
Admission 6 16 16 A
Operation 8 20 17 A
1 mo 10 37 36 A
3 mo 16 34 43 A
6 mo 17 33 36 A

ASIA, American Spinal Injury Association.

Fig. 5. Both T1-(A) and T2-weighted images (B) at 3 months after
the transplantation shows a cavity formation at C5 level in the
spinal cord.
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In the protocol of this clinical trial, our main endpoint is
to evaluate the changes in motor scores at 6 months, and
secondary endpoints are to evaluate the changes in sensory
scores, anal functions, and ASIA impairment scale at 6
months. Our protocol does not call for quality of life as a
main endpoint. However, we are continuing to observe his
quality of life after the 6-month period. He is becoming able
to sit on a wheelchair and drive slowly the wheelchair by
himself. Further improvement in the scores and quality of life
will be reported in our future study at a later time point.

In this clinical trial, patient data were registered and
managed by an independent data center for the clinical trial.
The efficacy and safety of the study should be discussed and
evaluated in a committee with members outside of the study
team. By far, the committee has evaluated the efficacy and
safety of cell transplantation therapy in this first case. Al-
though definite improvement in the score is obtained, we
continue trials and increase the number of applied cases so
that the efficacy and safety of this cell transplantation study
can finally be evaluated in the committee.

DISCUSSION
Complete recovery of injured spinal cord is still a dream.

It has long been thought that damaged central nervous system
is fundamentally not recovered. It was reported from Van-
couver Hospital that among 70 patients with complete spinal
injury for minimum of 2-year complete follow-up, motor
recovery did not occur below the zone of injury, although
varying degrees of recovery can be expected within the
zone of partial preservation.6 In the study of National
Spinal Cord Injury Statistical Center, Alabama, only 5.6%
of the 987 subjects with complete motor and sensory
paralysis (ASIA grade A) at 1 year recovered to incom-
plete sensory or incomplete motor function at 5-year eval-
uation (ASIA grade B, C, or D).2 Therefore, treatments for
victims of spinal cord injury have been focused on pre-
venting secondary damage and maintaining or maximally
restoring preserved function by daily rehabilitation. Re-
cently, various experimental or clinical studies with bio-
active agents, growth factors, or cellular approaches are
going on to inhibit inflammatory and degenerative re-
sponses or to enhance neural regeneration.7–14 Among
them, clinical trials and animal experiments using stem
cells,15–17 macrophages,18 olfactory ensheathing cells,2,19–23

and BMSCs24–26 are attracting a great deal of attention.

Among the cells, the BMSCs are of autologous origin
and easy to obtain at the operation, and their incubation
technique has been established. There will be no immuno-
logic reaction, no ethical problem, and no uncontrollable
proliferation as in the case of embryonic stem cells. BMSCs
are considered to be realistic to use for the purpose of spinal
cord injury treatment.

BMSCs make up approximately 0.125% of the total mar-
row cells.27 BMSCs differentiate into osteoblasts, chondrocytes,
adipocytes,28,29 skeletal muscle fibers,30 cardiomyocytes,31

hepatocytes,32 and epithelial cells of liver, lung, intestinal tract,
and skin.33 BMSCs are reported to be capable of differentiating
into Schwann cells in culture, and therefore would stimulate
peripheral nerve regeneration.34

Previously we investigated function of neurospheres de-
rived from hippocampus or spinal cord cells in vitro and in
vivo.35,36 We studied effects of transplantation of neuro-
spheres in rats with Th8–9 level spinal cord contusion made
using a New York University weight-drop device.35 Consid-
ering clinical application, it is difficult to use neurosphere
cells or neural stem cells from the standpoint of ethical
problems. We, therefore, shifted to the study of BMSCs. In
vitro, BMSCs exerted profound effects on neurite extension
of co-cultured neurosphere cells, suggesting that BMSCs
might have some potential regenerating influences to the
spinal cord injury.36 To avoid secondary injury on dissecting
and injecting cells in the injured spinal cord, we adminis-
tered BMSCs into CSF.37,38 We confirmed significant ef-
fects of BMSCs on the improvement of gait by using the
open-field Basso, Beattie, and Bresnahan (BBB) scoring
system39 compared with control rats for up to 4 to 5
weeks.4 In this study, the cavity sizes were significantly
smaller in the rats transplanted with BMSCs compared
with those without BMSCs.3,4 After grafting, BMSCs were
transported to the site of injury, attached to the injured neural
tissue, then gradually decreased in number and disappeared
within 3 weeks, promoting tissue repair in the injured spinal
cord. This suggests that some trophic factors might be released
from BMSCs to rescue neurons and glial cells from degenera-
tion after the crush injury as well as to stimulate differentiation
of neural stem cells in the recipient spinal cord.

On the basis of a series of in vitro and in vivo exper-
iments, we planned a clinical trial of spinal cord injury
treatment with a novel method. In this trial, only the
patients who need operation for the spine stabilization are
indicated. BMSCs can be obtained when iliac crest is
harvested for grafting. No additional operation is neces-
sary to obtain BMSCs. Multiplied BMSCs were trans-
planted into CSF by lumbar puncture technique. Therefore,
reoperation is not necessary to open and dissect the lesion
of the spinal cord as is needed for the direct cell infusion
operation into spinal cord. Hence, secondary injury to the
spinal cord can be avoided.

We made a protocol to transplant cells within 3 weeks
after the injury. It is desired that cell transplantation can be

Table 3 Changes in Key Muscles Motor Score

Level Muscles

Motor Score

Before 6 M

R L R L

C5 Elbow flexors 3 3 4 4
C6 Wrist extensors 0 0 0 3
C7 Elbow extensors 0 0 3 3
C8 Finger flexors 0 0 0 0
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performed as soon as possible after injury. However, BMSCs
take about 7 to 10 days to proliferate to the cell density
sufficient for transplantation. Based on the discussion for
more than a year about the design of the clinical trial, we
made the detailed protocol, which has been approved by the
Ethics Review Board of our institutions.

In our protocol, candidates for the trial have to satisfy all
the inclusion criteria listed in Table 4, and have no exclusion
criteria listed in Table 5. They must be registered to an
independent data center before the trial and checked again
whether they meet all the inclusion and exclusion criteria.
They also have to meet the eligibility criteria (Table 6) before
transplantation. In this protocol, those with central spinal cord
injury were omitted because they often recover spontane-
ously. Those with spinal canal stenosis before the injury for

reasons such as ossification of posterior longitudinal ligament
were also omitted because of a difficulty in evaluation.

In the study patient, although the findings of MRI (Fig.
3) after the injury suggest a poor prognosis of neural func-
tional recovery, definite improvements were shown in motor
and sensory functions up to 6 months. Although this clinical
trial study has just started and this report is about only a
single case, the safety of injecting autologous BMSCs into
CSF has been confirmed in this first clinical case. The effi-
cacy of this kind of cell transplantation should be evaluated
by a committee with members outside this study team after a
series of cases in accordance with the protocol.

In conclusion, to our knowledge, this is the first report of
clinical trial for spinal cord injury treatment by transplanting
BMSCs into CSF. As autologous BMSCs are used in our
study, no ethical and immunologic problems develop. We are
carefully observing the course of the present case. There is no
adverse effect that might be caused by the administration of
BMSCs into CSF. We have to accumulate in a number of
cases so that the effectiveness and safety of BMSC transplan-
tation through CSF can be evaluated on the more secured
base in a committee.
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